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Electronic skins (e-skins) enabling to detect various mechanical/chemical stimuli and environmental 
conditions by converting into various electrical and optical signals have attracted much attentions for 
various fields including wearable electronics, intelligent/medical robotics, healthcare monitoring 
devices, and haptic interfaces. Conventional e-skins have been widely used for the realization of these 
applications, however it is still considered that new e-skins with enhanced sensor performances (i.e. 
sensitivity, flexibility, multifunctionality, etc.) should be developed. In accordance with these demands, 
two approaches to explore novel functional materials or to modify device architectures have been 
introduced for enhancing sensor performance and acquiring multifunctional sensing capabilities. Firstly, 
a synthesis of multifunctional materials combined with conductive fillers (carbon nanotube, graphene 
oxide) and functional polymer matrix (i.e. ferroelectric polymer, elastomer) can provide the multimodal 
sensing capability of various stimuli and stretchability. Secondly, controlling design of device structures 
into various micro/nanostructures enables a significant improvement on sensing capabilities of e-skins 
with sensitivity and multidirectional force sensing, resulting from structural advantages such as large 
surface area, effective stress propagation, and anisotropic deformation. Therefore, a demonstration of 
e-skin combined with the functional composites and uniquely designed microstructures can offer a 
powerful platform to realize ideal sensor systems for next generation applications such as wearable 
electronics, healthcare devices, acoustic sensor, and haptic interface devices.   
 
In this thesis, we introduce the novel multifunctional and high performance electronic skins combined 
with various types of composite materials and nature-inspired 3D microstructures. Firstly, Chapter 1 
briefly introduces various types of e-skins and the latest research trends of microstructured e-skins and 
summarizes the key components for their promising application fields. In chapters 2 and 3, mimicked 
by interlocking system between epidermal and dermal layers in human skin, we demonstrate the 
piezoresistive e-skins based on CNT/PDMS composite materials with interlocked microdome arrays 
for great pressure sensitivity and multidirectional force sensing capabilities. In chapter 4, we conduct 
in-depth study on giant tunneling piezoresistance in interlocking system and investigate systematically 
on the geometrical effect of microstructures on multidirectional force sensitivity and selectivity in 
interlocking sensor systems. In chapter 5, we demonstrate the ferroelectric e-skin that can detect and 
discriminate the static/dynamic touches and temperature inspired by multi-stimuli detection of various 
mechanoreceptors in human skin. Using the multifunctional sensing capabilities, we demonstrated our 
e-skin to the temperature-dependent pressure monitoring of artery vessel, high-precision acoustic sound 
detection, and surface texture recognition of various surfaces. In chapter 6, we demonstrate the linear 
and wide range pressure sensor with multilayered composite films having interlocked microdomes. In 
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chapter 7, we present a new-concept of e-skin based on mechanochromic polymer and porous structures 
for overcoming limitations in conventional mechanochromic systems with low mechanochromic 
performances and limited stretchability. In addition, our mechanochromic e-skins enable the dual-mode 
detection of static and dynamic forces without any external power. Our e-skins based on functional 
composites and uniquely designed microstructures can provide a solid platform for next generation e-
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Figure 1.1. Wearable devices and sensors with self-powered systems and multifunctional abilities. (left) 
Self-powered wearable electronic skins based on piezoelectric, triboelectric, and thermoelectric harvest 
mechanical and thermal energy from the human body. Through the physical movements of various body 
parts (shoulders, elbows, knees, ankles, etc.) and the heat dissipation from the body, high power of 
several to tens of watts are generated. (right) Multifunctional electronic skins based on resistive, 
capacitive, triboelectric, piezoelectric accurately monitor the user’s biological signals, including the 
electroencephalogram (EEG), electromyogram (EMG), and various physiological signals (pulse 
pressure, temperature, etc.) as well as physical movements and motions. (bottom) Ubiquitous healthcare 
systems through wireless network and feedback system to healthcare providers. 
Figure 1.2. Electronic skin mimicking the structure and functionality of human skin. 
Figure 1.3. Piezoresistive e-skins with pressure sensitive rubber (PSR). (a,b) E-skins combined with 
PSR and field-effect transistors. (K.Takei et al. Nat. Mater. 2010, 9, 821, C. Wang et al. Nat. Mater. 
2013, 12, 899) (c-f) E-skins combined with PSR and various shapes of interconnects; (c) serpentine (D. 
–H. Kim et al. Nat. Mater. 2011, 10, 316), (d) wavy (N. Lu et al. Adv. Funct. Mater., 2012, 22, 4044), 
(e) hexagonal (T. Takahashi et al. Nano Lett. 2011, 11, 5408), and (f) open mesh (Sekitani et al. Nat. 
Mater. 2009, 8, 494). 
Figure 1.4. Representative examples for recent high performance and multifunctional electronic skin. 
(a) Electronic skins with various microstructures for improved sensor performances. (top) Capacitive 
sensor with micropyramid-patterned dielectric layer and field effect transistor (G. Schwartz et al. Nat. 
Commun. 2013, 4, 1859). (bottom) Multidirectional piezoresistive sensor with interlocked micropillar 
arrays (C. Pang et al. Nat. Mater. 2012, 11, 795). (b) Multifunctional electronic skins integrated various 
sensors by interconnects which are silicon nanoribbon (top) and polyimide wire (bottom) (J. Kim et al. 
Nat. Commun. 2014, 5, 5747, Q. Hua et al. Nat. Commun. 2018, 9, 244). 
Figure 1.5. Working principle of electronic skins with common transduction modes. (a) Piezoresistive 
sensor based on the modulation of conductive network. (b) Capacitive sensor of a parallel-plate 
capacitor. (c) Piezoelectricity generated in single film. (d) Triboelectricity. (left) Triboelectric series 
from positive to negative tendency for common materials. (right) Operating mechanism of pressure 
sensing based electrostatic induction and triboelectric effect in a short-circuit system. 
Figure 1.6. Bio-inspired structures (interlocking, hierarchical, crack-based, whisker, and fingerprint 
Figure 1.7. Bio-inspired nano/microstructures for electronic skin. (a) Human-skin-inspired electronic 
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skins with interlocked microdome arrays. (J. Park et al. ACS Nano, 2014, 8, 4689, J. Park et al. ACS 
Nano, 2014, 8, 12020). (b) Bio-inspired self-powered e-skins based on the interlocking geometry of 
ZnO nanowires on microstructured PDMS. (M. Ha et al. Adv. Funct. Mater., 2015, 25, 2841) (c) Crack-
based ultrasensitive strain sensors inspired by the spider’s sensory system. (D. Kang et al. Nature, 2014, 
516, 222). (d) Whiskers of a mammal and multifunctional artificial electronic whisker arrays (W. Honda 
et al. Adv. Funct. Mater. 2014, 24, 3299). 
Figure 1.8. 2D and 3D micro/nanostructures for electronic skins (Porous structure). (a) Piezoresistive 
e-skin based on CNT/PDMS composites with micropores (S. Jung et al. Adv. Mater., 2014, 26, 4825). 
(b) Highly sensitive pressure sensor based on hollow-sphere microstructured PPy (L. Pan et al. Nat. 
Commun., 2014, 5, 3002). (c) Mesoporous PVDF-film-based piezoelectric nanogenerators (Y. Mao et 
al. Adv. Energy. Mater., 2014, 4, 1301624).  
Figure 1.9. 2D and 3D micro/nanostructures for electronic skins (Surface microstructure and wrinkle 
structure). (a) Highly sensitive pressure sensors based on conductive electrodes on micropyramid 
PDMS arrays (C. L. Choong et al. Adv. Mater. 2014, 26, 3451). (b) Micropatterned P(VDF-TrFE) film-
based piezoelectric nanogenerators for pressure sensors (J. H. Lee et al. Adv. Funct. Mater. 2015, 25, 
3203). (c) Strain sensors based on Ag nanowires on buckled elastomers (K. K. Kim et al. Nano Lett., 
2015, 15, 5240).  
Figure 1.10. Applications of flexible electronics and sensors. (a) Nanopatterned-textile-based wearable 
triboelectric nanogenerators integrated with commercial LCD, LEDs, and remote control (W. Seung et 
al. ACS Nano, 2015, 9, 3501). (b) Transparent-nanopaper-based smart mapping anti-fake system (X. 
Wang et al. Adv. Mater., 2015, 27, 2324). (c) Acoustic sound sensor based on piezoelectric e-skins with 
inorganic PZT thin film. (H. S. Lee et al. Adv. Funct. Mater. 2014, 24, 6914). (d) Triboelectric sensors 
for trajectory, velocity, and acceleration tracking of moving objects. (F. Yi et al. Adv. Funct.Mater. 2014, 
24, 7488). (e) Triboelectric nanogenerators for harvesting water energy and applications as ethanol 
sensors (Q. Shao et al., Small, 2014, 10, 1466).  
Figure. 1.11. Application of e-skins for prosthetics and robotics. (a) Multifunctional prosthetic skins 
that can detect the strain, pressure, temperature, and humidity and associated with heater and Pt-
nanowire-based multi-electrode (J. Kim et al. Nat. Commun., 2014, 5, 5747). (b) Strain sensors attached 
at the moving joints of robots (X Li et al., Adv. Mater. 2015, 27, 4447). (c) Texture perception by 
scanning fingertip-skin-inspired e-skin with interlocked geometry and a fingerprint pattern over a 
patterned surface (Y. Cao et al. Small, 2018, 14, 1703902). 
Figure 1.12. Applications of e-skins in biomedical devices. (a) Artery pulse pressure monitoring 
devices (X. Wang et al., Adv. Mater. 2014, 26, 1336). (b) Strain sensors integrated with a supercapacitor 
and triboelectric nanogenerator for respiration monitoring device (B,-U, Hwang et al., ACS Nano, 2015, 
8 
 
9, 8801). (c) Multifunctional inflatable balloon catheters in inflated states and an electrogram from the 
right ventricle of a rabbit heart detected by a multifunctional balloon catheter (D.-H. Kim et al, Nat. 
Mater. 2011, 10, 316).  
Figure 2.1. Stress–strain curves of MWNT–PDMS composites and their elastic moduli. 
Figure 2.2. Conductive composite elastomers with interlocked microdome arrays. (a) Schematic of the 
fabrication procedure used to produce the CNT-composite elastomers with microdome arrays. (b) Tilted 
SEM image of the composite elastomers (bottom diameter: ~5 µm; height: ~3.5 µm; pitch: 6 µm). The 
inset photo highlights the flexibility of the arrays (scale bar: 10 µm). (c) Schematic (top) and cross-
sectional-SEM image (bottom) of the composite films (scale bar: 5 µm). (d) Schematic showing the 
working principle of the electronic skin. The external pressure concentrates stress at the contact spots, 
deforming the microdomes, which in turn causes an increase in the contact area and the tunneling 
currents.  
Figure 2.3. Pressure-sensing capabilities of sensors with interlocked microdome arrays. (a) The 
comparison of pressure sensitivities of different sensor structures for 8 wt% CNTs: planar (black), 
microdome (red) and interlocked microdome (blue). (b) Log–log plot of the pressure-response curve 
for the interlocked microdome arrays (8 wt% CNTs), which shows the minimum detection limit (~0.2 
Pa) and the dynamic pressure range. (c) Comparison of response/relaxation times for different sensor 
structures for 8 wt% CNTs and 65 Pa pressure loading: planar (upper) and interlocked microdome 
structures (bottom). (d) The effect of temperature variation on different sensor structures for 8 wt% 
CNTs and 19.6 kPa pressure loading: planar (upper) and interlocked microdome structures (bottom): 
planar (upper) and interlocked microdome structures (bottom). (e) Finite-element calculations that show 
the deformation and the local stress distribution of interlocked microdome arrays with applied pressure 
(1.360.5 kPa). (f) The electrical contact area (ACNT) as a function of pressure for different CNT wt% 
(58 wt%). The solid lines represent power-law fits to ACNT with an exponent of 0.7. (g) Experimental 
tunneling resistances (dotted plots) of the interlocked microdome arrays for different CNT 
concentrations (58 wt%) fitted to calculated tunneling resistances (solid lines). 
Figure 2.4. Piezoresistive pressure sensitivity of composite films for three different configurations: a 
single planar array, a single microdome array and an interlocked microdome array. 
Figure 2.5. Real time variation in the relative resistance of a composite film with interlocked 
microdome arrays (8 wt% CNTs) in response to a pressure loading/unloading of ~0.23 Pa. 
Figure 2.6. Dynamic time-resolved variation detected by our electronic skin when exposed to a string 
of falling water droplets of ~8.7 mg weight (corresponding to an applied pressure of ~0.6 Pa). 
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Figure 2.7. (a) Relative change in resistance for the loading and unloading cycles under pressures of 
6.5 kPa and 65 kPa. (b) Relative change in resistance for the multiple-cycle tests with a repeated 
application of a normal pressure of 58.8 kPa 
Figure 2.8. Finite-element-method simulations of interlocked microdome arrays. (a) A model system 
used in FEM simulations. The geometries of the microdome arrays are given by a radius of 2.5 m, a 
height of 2√3 m, and an array pitch of 6 m. (b)  Change in contact area for the interlocked 
microdome arrays as a function of pressure at different concentration of CNTs (58 wt%). (c) The 
maximum strain at the contact spots as a function of pressure for different CNT concentrations (58 
wt%). 
Figure 2.9. Total resistances for composite films. (a) Film containing interlocked microdome arrays; 
(b) film containing planar structures. The tunneling resistance is obtained using the relation Rt = R  Rf 
 Rcr, where R is the total resistance of composite film with interlocked microdome arrays, Rf is the 
bulk-film resistance and Rcr is the constriction resistance. 
Figure 2.10. Electrical properties and fracture morphologies of planar composite films. (a) The sheet 
resistance of composite films as a function of CNT concentration. The inset shows the power-law fits 
of the sheet resistance as a function of the reduced mass fraction (mmc), where mc is the required critical 
weight fraction for the onset of the conductive network. (b) Relative variation in resistance for planar 
composite films as a function of pressure. (c)(f) Representative cross-sectional SEM images of 
composite films with different CNT concentrations (58 wt%).  
Figure 2.11. Sensing of spatial pressure distribution and real-time monitoring of tactile signals. (a) 
Schematic of the 10×10 sensor arrays, which consist of interlocked microdome arrays sandwiched 
between platinum electrodes and PDMS cover layers. (b) Spatial pressure-mapping capability of the 
10×10 sensor arrays. The spatial pressure distribution is applied using PDMS weights that are shaped 
as the letters “F”, “N” and “L”. (c) Real-time monitoring of the change in resistance for snail movements 
(climb, crawl, descend and head shake) on the surface of the electronic skins. (d) The change in 
resistance for different bending degrees of a finger (left) and repetitive bending cycles (right). 
Figure 2.12. Monitoring of gas flow and human breathing. (a) Schematic of gas-flow sensing for planar-
type electronic skins (left) and changes in resistance (RoffRon) as a function of flow rate for planar 
electronic skins (right). (b) Left: A photograph of the planar-type flow sensors attached to the front of a 
volunteer’s nostrils. Right: relative changes in resistance in response to human breathing. (c) 
Photographs of a tubular-type flow sensor composed of rolled-up electronic skin inside a plastic tube 
(upper left) and a schematic of a tubular-type gas flow sensor (bottom left). Right: relative changes in 
resistance as a function of flow rate. (d) Monitoring of human oral breathing. Left: photograph and 
schematic of tubular-type flow sensors integrated into the medical breathing mask for the monitoring 
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of oral breathing. Right: relative changes in resistance for different oral breathing modes (deep and 
normal breathing) during periodic breathing. 
Figure 2.13. Vibration detection for wearable voice-monitoring systems. (a) Left: schematic of the 
vibration measurement. A coin-type vibration motor is used to generate vibration signals and a 
vibrometer is used to measure the vibration intensity. Right: relative changes in resistance (R/R0) as a 
function of vibration intensity. (b) Photograph of the electronic skin attached to a human neck for voice 
monitoring (right). Relative changes in resistance in response to different voices speaking ‘UNIST’ 
(blue) and ‘Hi’ (red). 
Figure 3.1. Electronic skin based on carbon nanotube–poly(dimethylsiloxane) (CNT–PDMS) 
composite films with interlocked microdome arrays. (a) Schematic of human skin structure showing 
interlocked epidermal–dermal layers and mechanoreceptors (MD: Merkel disk; MC: Meissner 
corpuscle; PC: Pacinian corpuscle; RE: Ruffini ending). (b) Schematic of an interlocked microdome 
array. (c) Tilted SEM image of a composite film with microdome arrays (diameter: ~3 m; height: ~3.5 
m; pitch: 6 m). Scale bar: 5 μm. (d) Cross-sectional SEM image of an interlocked composite film. 
Scale bar: 5 μm. (e) Schematic of a stress-direction-sensitive electronic skin for the detection and 
differentiation of various mechanical stimuli including normal, shear, stretch, bending, and twisting 
forces. 
Figure 3.2. Lateral-stretch-sensing capability of electronic skins. (a) Schematic of the stretch-sensing 
mechanism of interlocked microdome arrays. (b) SEM images of microdome arrays showing the 
deformation of the array pattern from hexagons to elongated hexagons under different stretch ratios (0, 
30, 60, and 120%). Scale bar: 5 μm. (c) Finite-element analysis showing the contact pressure and the 
contact points between interlocked microdome arrays with the increase of uniaxial stretch. (d) FEA 
calculated results of the change of contact area (CA) between interlocked microdome arrays as a 
function of stretch. (e) Comparison of stretch-sensing capabilities of interlocked microdome arrays 
(black) and planar films (red). (f) Comparison of response and relaxation times of interlocked 
microdome arrays (black) and planar films (red) exposed to a stretching ratio of 50% and stretching 
speed of 3 mm s–1. The CNT concentration in the composite was 7 wt% and curing temperature was 
60 °C. CNT concentration is 7 wt% for all the results. 
Figure 3.3. Change in piezoresistance of interlocked microdome arrays with lateral stretch for the 
loading and unloading cycles at 130% lateral strain. The interlocked microdome arrays were prepared 
with a CNT concentration of 7 wt% and curing temperature of 60 °C. 
Figure 3.4. Variation in resistance of the interlocked microdome arrays as a function of lateral stretch 
for (a) different CNT concentrations (6–8 wt%) and (b) different curing temperatures (60, 70, and 
80 °C).  
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Figure 3.5. Normal- and shear-force-sensing capabilities of electronic skins. (a) Schematic of the 
deformation of interlocked microdomes during successive applications of normal and shear forces. (b) 
Relative electrical resistance of electronic skin sample as a function of normal force. (c) Comparison of 
shear-force sensitivities of interlocked microdomes (black) and planar (red) films under a normal 
pressure of 58.8 kPa. (d) Comparison of shear-force sensitivities of interlocked microdome arrays under 
different normal pressures. (e) Finite-element analysis (FEA) showing the deformation and local stress 
distribution of interlocked microdome arrays with increasing shear force at a normal pressure of 45 kPa. 
(f) Calculated FEA results of the inverse contact area as a function of shear force under different normal 
pressures. The CNT concentration was 7 wt% in all electronic skins used for the measurements.  
Figure 3.6. (a) Variation in normalized resistance for the pulling and retracting cycles under different 
shear forces (0.196, 0.392, 0.588 N). (b) Reliability of interlocked microdome  
composite films through cycles of repeated pulling and retraction under a shear force of 1.96 N. 
Figure 3.7. Change in relative resistance of interlocked microdome arrays as a function of shear force 
for electron skins with different CNT concentrations.  
Figure 3.8. Stress-direction-sensitive electronic skins for the detection and differentiation of multiple 
mechanical stimuli. (a) Real-time monitoring of changes in the relative resistance of interlocked 
microdome arrays subjected to different normal and shear forces. (b–d) Change in relative electrical 
resistance of an electronic skin attached on the front of a human wrist under different types of wrist 
movements: (b) forward bending; (c) backward bending; (d) torsion. The electronic skin showed 
different signal patterns in response to different wrist movements. (e–j) Change in relative electrical 
resistance of electronic skins in response to different mechanical stimuli: (e) normal force; (f) shear 
force; (g) lateral stretch; (h) forward bending; (i) backward bending; (j) torsion. 
Figure 3.9. (a) Photographic images of bending tests of electronic skins with interlocked microdome 
arrays. (b) Variation in relative resistance of interlocked microdome arrays as a function of radius of 
curvature for electronic skins with different CNT concentrations (6–8 wt%) and cured at 80 °C. (c) 
Variation in relative resistance of interlocked microdome arrays as a function of radius of curvature for 
electronic skins prepared with 7 wt% CNTs at different curing temperature (60, 70, 80 °C). 
Figure 3.10. Stress-direction-sensitive electronic skins for directional sensing of mechanical stimuli 
applied in three axial directions. (a) Schematic of sensor arrays, where interlocked microdome arrays 
are sandwiched between the electrodes and PDMS protection layers. (b) Spatial pressure mapping 
capability of electronic skin for the detection of finger touch on two different pixels (R1-C3, R3-C1). 
(c) Detection of different finger-pushing directions: left (L), right (R), up (U), down (D). (d) Detection 
of different directions of fluid flow (left, right, diagonal). (e) Detection of the location of applied 
vibration and the gradual damping of vibration. 
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Figure 4.1. Piezoresistive e-skins with interlocked microstructures having different surface 
morphologies. (a) Schematic illustration of the main structure of the e-skins with interlocked 
microstructures. (b) Schematic showing the bulk film resistance (RF) and the contact resistance (RC) 
between the two neighboring microstructured films. (c) Pressure-sensing mechanism of piezoresistive 
e-skins having interlocked microstructures. (d) Schematic illustration of conductive composites with 
different microstructured arrays. (e) Top and tilted (inset) SEM images of the microstructured 
composites with different surface morphologies (microdome, micropyramid, and micropillar). 
Figure 4.2. Sheet resistance of PDMS/MWNT composite with different surface microstructures. 
Figure 4.3. Pressure-sensing capability of single microstructured e-skins. (a) Schematic illustration of 
the pressure-sensing principle of single microstructured e-skins with different surface morphologies. (b) 
Relative current changes in response to normal pressure. (c) Finite-element analysis (FEA) of localized 
stress distributions in response to pressure for different surface microstructure arrays (top layer: ITO, 
bottom layer: MWNT/PDMS composite). (d) Calculated relative contact-area changes in response to 
normal pressure.  
Figure 4.4. Pressure sensitivity of e-skins with single microstructure arrays at (a) low pressure range 
(< 1 kPa) and (b) medium pressure range (1 kPa ~ 10 kPa). 
Figure 4.5. (a) Simulated results for variation in contact area of e-skins with single microstructure 
arrays as a function of mechanical pressure. (b-c) Magnified graphs of contact area change for e-skins 
with (b) microdome and micropyramid structures and (c) micropillar structure. 
Figure 4.6. Electrical current changes of single microstructured e-skins with different microstructure 
arrays in response to normal pressure.  
Figure 4.7. (a) Simulated result showing the stress distribution and the thickness change of 
microstructure under pressure. (b) Simulated result for relative variation in thickness of microstructures 
under loading pressure.   
Figure 4.8. Pressure-sensing capability of interlocked microstructured e-skins. (a) Relative current 
changes of interlocked e-skins having different microstructures as a function of applied pressure. The 
magnified graph to the right shows the relative current changes of micropillar and planar structures. (b) 
Pressure sensitivity of e-skins for low (<1 kPa), medium (1–10 kPa), and high (>10 kPa) pressure ranges. 
(c) Calculated contact area variations of e-skins with interlocked microstructure arrays in response to 
applied pressure. (d) FEA showing the localized stress distribution of interlocked microstructure arrays 
for the applied pressure of 10 kPa. (e) Experimental tunneling current of e-skins with interlocked 
microstructures fitted to theoretically calculated tunneling resistance.  
Figure 4.9. (a) Piezoresistive current changes of e-skins with interlocked microstructures in response 
to normal pressure. (b) Magnified graph of current changes at the low pressure range (< 1 kPa). 
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Figure 4.10. Minimum pressure detection of e-skin with interlocked microdome. (a) Relative current 
change of e-skin with interlocked microdome in response to nitrogen (N2) gas with different gas flow 
rate from 1 to 20 m/s. Inset photograph shows the weight of air flow with a flow rate of 1 m/s which is 
correspond to about 0.09 Pa for sensor size of 1.5 × 1.5 cm2. (b) Relative current changes of e-skin with 
interlocked microdome under N2 gas with a flow rate of 1 m/s. 
Figure 4.11. Pressure sensing performance of e-skin with interlocked microdome by integrating with a 
commercial chip. (a) Photograph of a pressure sensing measurement system with an e-skin integrated 
with a commercial chip. (b) Pressure-responsive voltage changes for different loading concentration of 
CNTs. 
Figure 4.12. Simulated result of contact area variations of the interlocked microstructured e-skins in 
response to normal pressure.   
Figure 4.13. Pressure sensitivities of e-skins with (a) planar structure and (b-d) interlocked 
microstructures under different normal pressure ranges of (b) < 1 kPa, (c) 1 kPa ~ 10 kPa, and (d) 10 
kPa ~ 26 kPa.  
Figure 4.14. Relative changes in thickness of microstructure with different shapes (left) and localized 
stress of e-skins with interlocked microdomes in response to normal pressure (right).   
Figure 4.15. Response time and durability properties of e-skins with interlocked microstructure arrays. 
(a) Response and relaxation times of e-skins under a loading/unloading pressure of 10 kPa. (b) 
Mechanical durability of e-skins under repeating a loading/unloading pressure of 10 kPa up to 100 
cycles (left) and 1,000 cycles (right).  
Figure 4.16. SEM images of surface morphologies of electronic skins with interlocked microstructures 
after 1000 cycles of pressure application 
Figure 4.17. Relative current changes and contact area variations of interlocked microstructured e-skins 
in response to different mechanical forces (shear, stretching, and bending). (a–f) Changes in relative 
resistance and contact area of e-skins having interlocked microstructures in response to applied 
multidirectional mechanical stresses: (a and b) shear stress, (c and d) tensile stress, and (e and f) bending 
stress.  
Figure 4.18. Finite-element simulation of the interlocked e-skins showing the microstructure 
deformation and contact area change between interlocked microstructure arrays in response to normal 
preload of 30 kPa and shear forces. 
Figure 4.19. Finite-element simulation of the interlocked e-skins showing the microstructure 
deformation and contact area change between interlocked microstructure arrays in response to normal 
preload of 30 kPa and tensile strains. 
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Figure 4.20. Comparison of strain-sensing capabilities of e-skins with different interlocked 
microstructures.  
Figure 4.21. Finite-element simulation of the interlocked e-skins showing the microstructure 
deformation and contact area change between interlocked microstructure arrays in response to normal 
preload of 30 kPa and bending curvature. 
Figure 4.22. Multidirectional force sensing capabilities of interlocked microstructured e-skins in 
response to different mechanical forces (normal, shear, stretching, and bending). Each e-skin exhibits 
unique output current patterns with different signal intensity and response times depending on the type 
of mechanical forces.  
Figure 4.23. Multidirectional force sensing capabilities of e-skins with different height of micropillar 
structures for (a) normal pressure, (b) shear force, (c) tensile strain, and (d) bending stresses.  
Figure 4.24. Healthcare monitoring applications of interlocked microstructured e-skins. (a) Photograph 
of the acoustic wave detection test using e-skins at a fixed distance of 1 cm from the speaker. (b) Relative 
current change of e-skins having interlocked microdome, micropyramid, and micropillar structures in 
response to different intensities of acoustic waves at a constant frequency of 100 Hz. (c) Acoustic sound 
detection capability of the e-skins with interlocked microstructures in response to sound source of 
“electronic skin”. (d) Photograph of the human breath detection test using e-skins placed below the nose. 
(e) Relative current change of e-skins in response to human breath. (f, g) Photographs of the blood 
pressure monitoring test of (f) artery and (g) carotid pulse pressure using e-skins attached onto human 
wrist and neck. (h) Relative current changes of the e-skins with interlocked microstructures while 
monitoring artery pulse pressure (top) and carotid pulse pressure (bottom). 
Figure 4.25. Detection of acoustic waves at low sound intensity and different frequency. (a-b) 
Comparison of acoustic wave detection of e-skins with different interlocked microstructures depending 
on (a) sound intensity at a constant frequency of 50 Hz, (b) frequency (50, 100, and 150 Hz) at a constant 
sound intensity of 80 dB. (c) Acoustic wave with frequency of 100 Hz in a normal atmosphere (base 
frequency: 60 Hz) before (black line) and after (red line) the base frequency filtering by a high pass 
frequency filter (> 65 Hz). (d) Comparison of acoustic wave between experimental and theoretical 
acoustic waves with frequency of 100 Hz.  
Figure 4.26. Relative current changes of interlocked microstructured e-skins in response to human 
breathing motion for different operation voltages. 
Figure 5.1. Human skin-inspired multifunctional electronic skin. (a) Structural and functional 
characteristics of human fingertips. The fingertip skin consists of slow-adapting mechanoreceptors 
(Merkel [MD] and Ruffini corpuscles [RE]) for static touch, fast-adapting mechanoreceptors (Meissner 
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[MC] and Pacinian corpuscles [PC]) for dynamic touch, free nerving endings [FNE] for temperature, 
fingerprint patterns for texture, and epidermal/dermal interlocked microstructures for tactile signal 
amplification. (b) Flexible and multimodal ferroelectric e-skin. The functionalities of human skin are 
mimicked by elastomeric patterns (texture), piezoresistive (static pressure), ferroelectric (dynamic 
pressure and temperature), and interlocked microdome arrays (tactile signal amplification). 
Figure 5.2. FT-IR spectra for verifying residue solvent. (a) PVDF at different preparation conditions, 
(b) rGO/PVDF nanocomposites with rGO contents of 0, 1, and 40 wt. % compared with pure solvent. 
The solvent peak at 659 cm-1 is attributed to the O=C=N torsional bond. 
Figure 5.3. Schematic illustrations of the double casting and micromoulding processes for the 
rGO/PVDF composite film with a microdome-patterned surface.  
Figure 5.4. Experimental set-up for the detection of dynamic pressure. (a) Schematic illustration of the 
measurement system for the detection of dynamic touch. (b) Schematic illustration of the measurement 
system for the detection of acoustic waves. 
Figure 5.5. Temperature sensing properties of flexible rGO/PVDF nanocomposite film. (a) Cross-
sectional SEM image of the rGO/PVDF composite film with stacked GO sheets. Scale bar, 1 µm. The 
inset shows a photograph of a flexible and large scale (20 × 15 cm2) rGO/PVDF composite film. (b) 
Current-voltage curves of 1 wt. % rGO/PVDF composite films at various temperatures. (c) Relative 
resistance change of rGO/PVDF composite film as a function of temperature for various concentrations 
of rGO. (d) Detection of temperature distribution on the human palm. (top) Schematic diagram of a 
sensor array, where the rGO/PVDF composite film is sandwiched between gold electrode arrays (18 × 
12 pixels). (middle) Photograph of a human hand on top of the sensor array. (bottom) Contour mapping 
of electrical resistance variations for the local temperature distribution on the human palm. (e) A 
representative photograph and infrared camera images of water droplets with different droplet 
temperatures (64 to -2 C) on the e-skins. (f) and (h) Relative resistance (R/R0) and temperature (T) 
variations of the e-skins after contact with the water droplets (f) above room temperature (25 - 64 C ), 
(h) below room temperature (–2 - 21 C ). Temperature (T) change is measured by IR camera. (g) and 
(i) Initial stages of time-domain signals in (f) and (g) showing the variation of relative resistance 
immediately after contact between the e-skins and the water droplets. The solid lines are model fitting 
to Equation (1). 
Figure 5.6. Phase transition of the GO/PVDF composite films with various thermal treatments. (a) XRD 
patterns of the GO/PVDF composite films with GO loading concentrations of 0, 1, and 5 wt. % casted 
at 50 °C for 12 h, annealed at 160 °C for 3 h, re-melted at 160 °C, and quenched in liquid nitrogen. 
Background pictures are those of the GO/PVDF composite films fabricated with each process. (b) 
Calculated Miller indices of the β, α, and γ phases. (c) Schematic illustrations of the structural 
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configuration of atoms for each phase of PVDF. 
Figure 5.7. FT-IR spectra of the GO/PVDF composite films with GO loading concentration of 0, 1, and 
5 wt. %. (a) casted at 50 °C for 12 h, (b) annealed at 160 °C for 3 h, and (c) re-melted at 160 °C and 
quenched in liquid nitrogen. The IR peak at 765 cm-1 is attributed by vibration mode of the in-plane 
bending or rocking of CH2 of α-phase. And peak at 840 cm-1 is presented by mixed mode of CH2 rocking 
and CF2 asymmetric stretching vibrations of β-phase. [Information of peaks; Ⅰ: TG – 614, 765, 858, 
1385 cm-1, Ⅱ : 512, 840, 1234, 1270, 1330 cm-1, Ⅲ : 811, 1115 cm-1] 
Figure 5.8. Crystalline structures of PVDF (a) α-phase, (b) γ-phase, and (c) γ’-phase.  
Figure 5.9. (a) Cross-sectional SEM images of the rGO/PVDF composite films with various rGO 
loading concentrations. Scale bar, 1 µm. (b) Relationship between temperature coefficient resistance 
(TCR) and crystallinity. (c) Crystallinity of the rGO/PVDF composite films with different rGO loading 
concentrations. (d) Young’s modulus and elongation at break of the rGO/PVDF composite films with 
different rGO loading concentrations. 
Figure 5.10. The time-dependent changes in relative resistance under dropping cold water (19.6 ºC) 
onto planar-structured rGO/PVDF composite film.  
Figure 5.11. Piezoresistive e-skin with interlocked microdome arrays for simultaneous detection of 
static pressure and temperature. (a) Schematic illustration of the e-skin with interlocked microdome 
array. A tilted SEM image shows the microdome arrays that are 10 µm in diameter, 4 µm in height, and 
12 µm in pitch size. Scale bar, 10 µm. (b) Relative resistances of e-skins with interlocked microdome 
(circle) and single planar (triangle) geometries as a function of applied pressure for different rGO 
loading concentrations. (c) Relative resistances of e-skins with interlocked microdome (red) and single 
planar (black) geometries as a function of temperature for 1 wt. % rGO. (d) Schematic illustration of 
the loading of a water droplet onto the e-skin. (e) and (f) Time-dependent variation of relative resistances 
and temperature immediately after the loading of the water droplets on the e-skins at (e) different 
temperatures (droplet pressure: 2 Pa) and (f) different pressures (droplet temperature: 40 C). (g) Time-
dependent variation of relative resistances after the loading/unloading cycles of objects with various 
pressure and temperature values on top of an interlocked e-skin. (h) and (i) Magnified variation of 
relative resistances at the moment of loading/unloading cycles in (g) showing the detection and 
discrimination of simultaneous temperature and pressure variations. 
Figure 5.12. Relative resistance of e-skin as a function of wide dynamic range of applied pressure from 
10 kPa to 49.5 kPa.  
Figure 5.13. Minimum pressure detection of ferroelectric e-skins. (a) Electrical resistance changes in 
response to tiny normal forces generating from static (pushing) or dynamic (drawing) movements of 
the human hair. The pressure detection level was determined by measuring the hair pushing weight on 
17 
 
the e-skin (sample size of 4 cm2). (b) Electrical resistance changes in response to weak gas flows with 
different flow rate from 1.59 to 5.84 m/s. The inset shows a schematic illustration of a setup for the gas 
flow detection. The photograph shows the weight of gas flow with a flow rate of 1.59 m/s, which 
corresponds to the pressure of ~0.6 Pa.    
Figure 5.14. Stability of the piezoresistive pressure sensor under repetitive application and release of 
25.5 kPa of pressure over 5000 cycles. 
Figure 5.15. Changes in the TCR and initial resistance values at different pre-loading weights.  
Figure 5.16. Piezoresistive e-skin with interlocked microdome array for simultaneous monitoring of 
artery pulse pressure and temperature. (a) Photograph of a wearable e- skin for the monitoring artery 
pulse pressure and temperature. The enlarged schematic illustrations indicate the effect of temperature 
on the constriction (cold) and dilation (warm) of arterial vessels. (b) Relative resistance variations in 
response to artery pulse pressure. The pulse pressure waveform consists of three peaks corresponding 
to pulse pressure (P1) and reflected wave pressures from the hand (P2) and lower body (P3). P1 is the 
difference between the systolic (PSys) and diastolic (PDia) pressures. (c) Variation of the pulse pressure 
waveforms before (black) and after (red) physical exercise. (d) Relative resistance change of the artery 
pulse pressure waveforms as a function of skin temperature (20 - 42 C). (e) Comparison of the variation 
of artery pulse pressure waveform at different skin temperatures. The data in (d) is used with the data-
offset modification for the comparison. (f) The blood pressure and temperature information acquired 
from the measurements in (e); variations of relative resistance (R/R0) (black), radial artery augmentation 
index (AIr = P2/P1) (blue), radial diastolic augmentation index (DAI = P3/P1) (green), and round-trip 
time for the reflected wave from the hand periphery (TR) (purple) as a function of skin temperature. 
Figure 5.17. Piezoelectric e-skin with interlocked microdome array for dynamic touch and acoustic 
sound detection. (a) Piezoelectric output currents of e-skins with (upper) interlocked microdome array 
and (bottom) single planar geometries. (b) Pieozoelectric pressure sensitivities of the e-skins fabricated 
with different materials and device structures. (Frequency of loading pressure: 0.5 Hz) (c) Piezoelectric 
output voltage and current under repetitive impact pressure loadings at different frequencies (0.1-1.5 
Hz) for the static normal loading force of 8.56 kPa at a fixed pushing distance of pushing tester. The 
measurements (d) Schematic illustration of the sound detection tests using the piezoelectric e-skins at 
the sound intensity of 96.5 dB. The sensor distance from the speaker is 2 cm. (e) Variation of the 
piezoelectric voltage in response to acoustic waves of different frequencies. (f) The waveforms of 
acoustic sound for different alphabets (‘s’, ‘k’, ‘i’, and ‘n’) (black). The read-out voltage signals from 
the interlocked microdome (red), and planar e-skins (blue). (g) The waveform and short-time Fourier 
transform (STFT) signals of the original sound (‘There’s plenty of room at the bottom’, black) extracted 
by the sound wave analyser, read-out signals from the interlocked e-skin (red), and microphone (blue). 
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Figure 5.18. Effect of conductivity on piezoelectric outputs. (a) Film conductivity as a function of 
reduction time. (b) Piezoelectric output currents of e-skins with single planar geometry as a function of 
applied pressure for different film reduction times.    
Figure 5.19. Comparison of the piezoelectric and piezoresistive signal variations of e-skins in response 
to applied pressure with different frequencies (0.3 – 5.0 Hz). Applied pressure: 8.56 kPa. 
Figure 5.20. Piezoelectric e-skin with fingerprint-like patterns for texture perception. (a) Schematic 
illustration of the texture perception measurements, for which the e-skin is attached to a microstage and 
scanned over a surface. (top) SEM image of the fingerprint-inspired PDMS pattern. (bottom) SEM 
image of the PDMS substrate with periodic line-patterns (P: 470 µm, W: 163 µm). Scale bar, 200 µm. 
(b) Time-dependent variation of piezoelectric currents when the e-skin is scanned over the patterned 
surface at different scanning speeds (0.25-2.5 mm/s). (c) FFT spectra of time-dependent piezoelectric 
current signals in (b). (d) STFT spectrograms of the piezoelectric current signals in (b) for the low 
frequency range (0-30 Hz). (e) Perception of texture with different roughness. (top) SEM images of the 
sandpaper, paper, and glass surfaces. (bottom) STFT spectra of the corresponding output currents when 
the e-skin is scanned at 2.5 mm/s. Scale bar, 200 µm. (f) Perception of fine textures (< 100 µm). (top) 
SEM images, (middle) output current signals, and (bottom) STFT spectra of different silicon substrates 
with (i) planar, (ii) and (iii) line pattern (P: 80 µm, D: 10 µm), (iv) square pattern (P: 80 µm, D: 20 µm), 
and (v) pentagon pattern (P: 90 µm, D: 20 µm). The arrow indicates the scanning direction. Scale bar, 
100 µm.  
Figure 5.21. STFT spectrograms of the piezoelectric current signals for the high frequency range (>80 
Hz) obtained by scanning on polydimethylsiloxane (PDMS) films with periodic line patterns as a 
function of scanning speed.  
Figure 5.22. Effect of e-skin structure and fingerprint patterns for texture perception. (a) Output 
electrical current, (b) High frequency components of the STFT spectra, and (c) Low frequency 
components of the STFT spectra obtained from the surface scanning results for various structure and 
fingerprint patterns.  
Figure 5.23. Perception of hardness/softness of surface. (a) High frequency components of the STFT 
spectra, and (b) Low frequency components for the STFT spectra resulting from scanning over parallel 
line patterned-PDMS surfaces with different elastic modulus. 
Figure 5.24. Wearable e-skins for texture perception. (a) The texture perception capability of different 
surfaces on our hand. (i) Photographs of flexible and wearable e-skins wrapped onto the human finger 
and the palm and back of the human hand with indications of the different scanning directions. (ii) 
Magnified photographs of the fingerprints on the different sites of human hand skin; (1) centre of palm, 
(2) side of palm, and (3) back of hand. Scale bar, 500 µm. (iii) Output electrical currents, and (iv) Low 
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frequency components of the STFT spectra obtained by scanning of textural surfaces in different 
scanning directions. The red arrows in the output electrical currents and STFT spectra indicate the 
texture signals from major lines on the palm. On the side of palm and back of hand, the strong texture 
signals are not observed. Instead, random lines with weaker intensities are observed in the STFT spectra 
due to the skin ridges on the palm and lines on the back hand. (b) Texture perception capability of 
different surfaces on the hair, facial skin, beard, and whisker regions of the human head. The high 
intensity red lines in the low frequency STFT spectra are observed when the scanning areas are on top 
of rough textures. 
Figure 5.25. Perception of fine textures for the low frequency range (< 30 Hz) obtained by scanning on 
polydimethylsiloxane (PDMS) films with periodic line patterns as a function of scanning speed. (a) 
SEM images of fine textures, Scale bar, 100 µm. (b) scanning speed of 2.5 mm/s. (c) scanning speed of 
5.0 mm/s. 
Figure 6.1. Applications and schematics of multilayer interlocked microdome e-skins. (a) Schematic 
showing the different pressure sensing trends between single-layered e-skins and multilayer e-skins. (b) 
Various applications to show the highly sensitive and large range pressure sensing by multilayer e-skins. 
(c) Schematic of multilayer e-skins. (d) Cross-sectional scanning electron microscopy (SEM) image of 
a microdome-patterned rGO/PVDF composite film with multilayer stacked structures. (e) Cross-
sectional SEM image of the interlocked microdome geometry of an rGO/PVDF composite film. (f) 
Tilted SEM image of a microdome array of the rGO/PVDF composite film. 
Figure 6.2. X-ray diffraction (XRD) spectroscopy of (a) a pure PVDF film, 2 wt% GO/PVDF, and 2 
wt% rGO/PVDF composite films; and (b) pure PVDF and 0.3, 0.5, and 1 wt% rGO/PVDF composite 
films. 
Figure 6.3. Sheet resistance of rGO/PVDF composite films as a function of the loading concentration 
of rGO. 
Figure 6.4. Piezoresistive static pressure-sensing performances of multilayer interlocked microdome e-
skins. (a) Relative current of e-skins with multilayer geometry with different numbers of stacked layers 
and planar geometry in response to the applied pressure. (b) Pressure sensitivity of e-skins converted 
from Figure 6.4a. (c) Comparison of the sensitivity and linear sensing performances based on this work 
and previous reports. (d) Finite element calculation of the contact area change as a function of pressure 
for different numbers of stacked layers. (e) Finite element calculations of the local stress distribution 
for different numbers of interlocked layers showing the concentrated and amplified stress at the small 
spot between interlocked microdomes under a pressure of 355 kPa. (f) Real-time pressure monitoring 
of e-skins at an applied pressure of 54, 108, 163, 217, 272, and 326 kPa. (g) Response and relaxation 
times for multilayer e-skins under different pressures of 10 and 200 kPa. (h) Cyclic stability test of 
multilayer e-skins under repetitive high-pressure loading of 272 kPa at a frequency of 0.5 Hz. 
20 
 
Figure 6.5 Circuit diagram of triple multilayer e-skins. 
Figure 6.6. Static pressure-sensing performances of multilayer e-skins over three layers. 
Figure 6.7. Finite-element calculation showing the stress distribution in multilayer e-skins with single, 
double, and triple layers. (a) Model systems with different number of interlocked layers. (b) Stress 
distribution of multilayer e-skins with single, double, and triple layers under different applied pressure. 
Figure 6.8. (a) Static pressure-sensing performances of single-interlocked e-skins with different rGO 
loading concentrations. (b) Static pressure-sensing performances of triple-interlocked e-skins with 
different rGO loading concentrations. (c) Initial resistance of single- and triple-interlocked e-skins using 
1 and 2 wt% rGO/PVDF composite films. 
Figure 6.9. Pressure-sensing performances of multilayer e-skins based on different size of microdomes. 
Cross-sectional SEM images of microdome arrays with (a) 10, 15, and 4 μm, (b) 25, 30, and 10 μm, (c) 
50, 60, 20 μm in diameter, pitch, and height, respectively. Relative current of multilayer e-skins based 
on microdomes with (d) different pitch size and (e) different diameter. 
Figure 6.10. Application of weak pressure on multilayer e-skins. (a) Schematic illustration showing the 
detection of weak air flow by multilayer e-skins. (b) Relative current change of multilayer e-skins as a 
function of gas flow rate. (c) Real-time monitoring of gas flow by multilayer e-skins. (d) Piezoelectric 
dynamic pressure-sensing performances of e-skins with different multilayer structure geometries with 
different stacked layers and planar structures. (e) Schematic of sound wave detection by multilayer e-
skins. (f) Detection of the sound wave with single frequency for planar, single-interlocked, and 
multilayer interlocked microdome e-skins. (g) Sound waveforms and corresponding spectrograms 
converted by STFT from the original sound source (black), signals recorded from multilayer e-skins 
(red), and planar e-skins (blue). (h) Expanded frequency spectrograms in Figure 6.10g 
Figure 6.11. Applied pressure due to weak gas flow with a flow rate of 3 L/min. Considering the size 
of the multilayer e-skins, the applied pressure due to gas flow with a flow rate of 3 L/min is ≈1.3 Pa. 
Figure 6.12. (a) Dynamic pressure-sensing performances of single-interlocked e-skins with 1 and 2 wt% 
rGO/PVDF composite films. (b) Dynamic pressure-sensing performances of triple-interlocked e-skins 
with 1 and 2 wt% rGO/PVDF composite films. 
Figure 6.13. Piezoelectric single sound frequency detection performances of (a) multilayer e-skins and 
(b) planar e-skins. 
Figure 6.14. (a) Sound waveforms and corresponding spectrograms converted by STFT of the original 
sound from a piano, guitar, and electric guitar (black). (b) Recorded piezoelectric waveforms and 
corresponding spectrograms from multilayer e-skins, converted by STFT of sound from a piano, guitar, 
and electric guitar (red). 
Figure 6.15. Application of medium pressure on multilayer e-skins. (a) Photograph showing the 
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detection of human breath by attaching multilayer e-skins to the nostril of a volunteer. (b) Monitored 
real-time signals of weak and deep breathing detected by multilayer e-skins. (c) Photograph showing 
the pulse pressure detection after attaching multilayer e-skins to wrist skin. (d) Real-time monitoring of 
the pulse signals and expanded pulse wave containing three peaks, i.e., P1 (incident wave), P2 (tidal 
wave), and P3 (diastolic wave), recorded by multilayer e-skins. (e) Schematic of the 3  3 sensor array 
for the multilayer e-skins with an ability to perceive the magnitude and spatial distribution of the applied 
pressure. (f–h) Schematics of the detection of applied pressure from different shapes and weights of 
loads and their corresponding pressure maps. 
Figure 6.16. Application of high pressure to multilayer e-skins. (a) Schematic of the smart insole 
consisting of 4  8 pixel arrays of multilayer e-skins, patterned electrodes, and supporting PET layers. 
(b) Photograph of 4  8 pixel arrays of multilayer e-skins with pressure applied by an upside-down petri 
dish. (c) Corresponding pressure map. (d) Schematics of five walking motions on the smart insole to 
monitor the foot pressure distribution and their corresponding pressure maps. 
Figure 7.1. Hierarchical NP-MP architecture in porous mechanochromic composites. (a) Schematic of 
the working mechanism of porous mechanochromic composites with hierarchical NP-MP architecture. 
(b) Photograph and SEM images of porous (pore-5) mechanochromic composites comprising PDMS, 
SP and 300-nm SNPs (SNP-300). The SEM images show uniform spherical pores and SNPs decorated 
on the inner pore surfaces. (c) Stress–strain behaviours of the stretchable mechanochromic polymers 
with planar, porous and SNP-decorated porous structures. 
Figure 7.2. Schematic of the fabrication procedure for porous mechanochromic composites with 
PDMS/SP/SNPs. SP, PDMS and SNPs are mixed in hydrophilic co-solvents (water and ethanol) and 
solvents are evaporated during the hydrosilylation curing process. 
Figure 7.3. (a) Scanning electron microscope (SEM) image of a porous mechanochromic composite 
with an average pore size of 5 μm before freeze-drying. SEM images of a fabricated porous 
mechanochromic composite after three days before (b) and after (c) freeze-drying. Due to the capillary 
force-induced pore closure during solvent evaporation, freeze-drying is required to completely 
evaporate the solvent and obtain uniform pores.  
Figure 7.4. (a) Schematic of the mechanism of pore formation in composites based on the addition of 
hydrophilic solvents. (b) Cross-sectional SEM images of porous PDMS/SP composites with different 
mixed solvent ratios (PDMS : water : ethanol = 3:2:0, 3:1.5:0.5 and 3:1:1). The lower row shows 
magnified SEM images. (c) Pore size distributions of porous PDMS/SP composites with different mixed 
solvent ratios. 
Figure 7.5. (a) Simulated surface areas of porous mechanochromic composites with different pore sizes 
based on face-centered cubic (FCC) unit cell arrays. The porous structures are modelled according to 
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average pore sizes of 25, 10 and 5 μm with the same porosity (26%) based on FCC unit cell arrays. 
Volume is determined as the total material volume, excluding the pore volume. Area is the total surface 
area of the porous structure. (b) Material densities of the fabricated porous mechanochromic composites 
with different pore sizes. (c) Porosity and surface area of porous mechanochromic composites as 
functions of pore size. 
Figure 7.6. (a) Schematic of SNP decoration on the inner pore surfaces of a mechanochromic composite 
during heat-induced solvent evaporation. (b) Cross-sectional SEM images of porous PDMS/SP 
composites (pore size = 5 μm) with different SNP sizes (20, 100 and 300 nm). (c) Magnified SEM 
images showing that the SNPs are uniformly decorated on the inner pore surfaces. 
Figure 7.7. Properties of porous mechanochromic composites under tensile strain. (a) Photographs of 
mechanochromic polymers with different structures exhibiting colour changes in response to tensile 
strain. (b) Colour change of the pore-5/SNP-300 mechanochromic composite at the first and 100th 
stretching and releasing cycles. (c) Changes in the average colour coordinates of the mechanochromic 
polymers with different structures under applied tensile strain. (d) Normalised luminance as a function 
of wavelength for the pore-5/SNP-300 mechanochromic composite under tensile strains up to 400%. 
Figure 7.8. (a) Strain–stress curves of porous PDMS/SP composites with different pore sizes. (b) S–S 
curves of porous PDMS/SP composites (pore size = 5 μm) with different SNP sizes.  
Figure 7.9. Schematic of a measurement system using a spectroradiometer for investigating the colour 
transition properties of porous mechanochromic composites in response to tensile strain. 
Figure 7.10. Photographs showing the colourimetric strain sensing properties of porous 
mechanochromic composites with different pore sizes.  
Figure 7.11. Photographs showing the colourimetric strain sensing of porous PDMS/SP composites 
(pore size = 5 μm) decorated with SNPs with different sizes: (a) 20 nm, (b) 100 nm and (c) 300 nm. 
Figure 7.12. Strain–stress curves of a porous mechanochromic composite (pore size = 5 μm; SNP size 
= 300 nm) under repeated loading/unloading strain of up to 250%.  
Figure 7.13. (a) Average colour coordinates of planar mechanochromic composites under loading 
tensile strain. (b) Average colour coordinates of porous mechanochromic composites with different pore 
sizes under loading tensile strain. (c) Average colour coordinates of mechanochromic composites with 
different SNP sizes under loading tensile strain.  
Figure 7.14. Recovery time of a porous mechanochromic composite (pore size = 5 μm, SNP size = 300 
nm) under different tensile strains. (a) Time-dependent tensile strains of 125%, 150% and 175% (top) 
and the corresponding change in relative intensity (IRel) of green colour in response to loading strain 
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(bottom). (b) Relaxation under a loading/unloading strain of 175% depending on exposure to white 
light. 
Figure 7.15. Structure-dependent strain sensitivity of porous mechanochromic composites. (a) 
Normalised colour intensity ratio as a function of strain for mechanochromic polymers with different 
pore sizes (left) and with different SNP sizes at a pore size of 5 m (right). The colour intensity in 
response to strain is measured by spectroradiometer. (b) Enlarged plot from (a) in the strain range 20%–
100%. (c) Strain sensitivity [S = (ΔC/C0)/(Δε), where C is the colour intensity ratio and ε is the applied 
strain] of mechanochromic polymers with different structures. Sensitivity is estimated from the plot in 
(a) for the linear regimes of mechanochromic response. (d) Finite-element analysis (FEA)-determined 
stress distributions of mechanochromic polymers with different pore sizes (left) and with 300-nm SNPs 
and a 5-μm pore size (right) under a tensile strain of 50%. (e, f) FEA-determined maximum localised 
stress near the pore surface in porous mechanochromic polymers with (e) different pore sizes and (f) 
different SNP sizes and a pore size of 5 μm as a function of strain (see Figures 7.17 and 7.18 for 
additional details). 
Figure 7.16. Variation in colour component intensities (R, G and B) of porous mechanochromic 
composites under loading strain at different wavelengths: (a, b) 488 nm, (c, d) 544 nm and (e, f) 612 
nm. The intensity of each colour component initially increases because of the decrease in light 
absorption caused by the concurrent decrease in film thickness. The intensity subsequently decreases 
because of the colouration of SP. 
Figure 7.17. Stress distributions of porous PDMS/SP composites with different pore sizes (25, 10 and 
5 μm) placed under 50% tensile strain calculated numerically using ABAQUS software. For simplicity, 
the elastic modulus is set to 1 MPa with the same porosity (26%) for all porous composites (see Figure 
7.5 for the initial system configuration). 
Figure 7.18.  Stress distribution of porous PDMS/SP composites (pore size = 5 μm) decorated with 
SNPs with different sizes (300, 100 and 20 nm) placed under 50% tensile strain calculated numerically 
using ABAQUS software. For simplicity, to understand the role of the SNPs at the pore walls, the elastic 
modulus of the porous matrix is set to 0.24 MPa (consistent with the experimental data shown in Figure 
7.8). The elastic modulus of the SNPs is set to a general value of 180 GPa for all sizes.  
Figure 7.19. Normal force detection capabilities of porous mechanochromic composites. (a) Relative 
intensities of the colour components (red, green and blue) of mechanochromic polymers with different 
structures as functions of normal force. The colour intensity in response to normal force is measured by 
I-phone camera and colour picker program. (b) Relative green intensity as a function of normal force 
for mechanochromic polymers with different pore sizes and different SNP sizes with 5-m pores. (c) 
Optical images showing the local colour distributions of the porous mechanochromic composites after 
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contact with various objects (microtips and needle). 
Figure 7.20. (a) Measurement system used to evaluate the colour transition properties of porous 
mechanochromic composites in response to normal stress. (b) Photographs of the mechanochromic 
composites with different porous structures under a loading normal stress of 6 N.  
Figure 7.21. (a) Relative colour changes of porous PDMS/SP composites with different pore sizes in 
response to applied normal pressure. (b) Finite-element analysis-determined stress distributions in 
porous PDMS/SP composites with different pore sizes under applied normal pressure. The simulation 
conditions are identical to those in Figure 7.17. 
Figure 7.22. (A) Relative colour intensities of porous PDMS/SP composites (pore size = 5 μm) 
decorated with SNPs of different sizes (20, 100, 300 nm) as functions of pressure. (B) Finite-element 
analysis-determined stress distributions at the surfaces of pores in porous PDMS/SP composites with 
SNPs under applied pressure. The simulation conditions are identical to those in Figure 7.18. 
Figure 7.23. Applications of porous mechanochromic composites in wearable e-skins and dual-mode 
static/dynamic touch and audio sensors. (a) Images of wearable mechanochromic e-skins for the 
detection of various hand gestures (folding/unfolding, rock, scissor and grasp). (b)  Schematic of a 
dual-mode mechanochromic and triboelectric force sensor that enables the spatiotemporal detection of 
both writing force and speed. (c) Waveforms of the sound sources of the words ‘electronic’ and ‘skin’: 
waveforms of the detected read-out signals (left) and short-time Fourier transform of the sound source 
along with the read-out signals from the dynamic force sensor (right). These applications are based on 
the pore-5/SNP-300 porous mechanochromic composite. 
Figure 7.24. Schematic of the working mechanism of the single-electrode triboelectric sensor, which 
comprises a porous mechanochromic composite and silver nanowire-based electrode. Object is the 
plastic pen in this work. 
Figure 7.25. (a) Output triboelectric current of a mechanochromic composite in response to normal 
pressure. The sensitivity is 0.18 μA kPa−1 below 0.4 kPa and 0.002 μA kPa−1 in the range 1–108 kPa. 
(b) Triboelectric output voltage and (c) power density of porous PDMS/SP composites with 5-μm pores 
and 300-nm SNPs as functions of applied pressure. (d) Output current of the porous mechanochromic 
composite in response to dynamic normal pressure with different loading frequencies (0.1–4 Hz).  
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Chapter 1. Introduction. 
 
Wearable electronic devices are an important driving force behind the recent development of the 
“Internet of Things (IoT)”, which connects the user with surrounding machines and electronic devices 
through Internet infrastructure for personalized healthcare and wellness. The rapid growth of electronic 
technologies dramatically increased the population using smart electronics including smartphones, 
smartwatches, and smartbands for communication, monitoring environmental changes, and checking 
personal health conditions everywhere in real-time.1, 2 However, current wearable electronics are still 
in an early stage of development and require further innovations in terms of electronics and materials 
for user-friendly and unobtrusive communication and monitoring. Key enabling technologies of 
wearable devices include sensors; wireless communication; and energy devices in lightweight, 
miniaturized, and flexible forms.2, 3 
 
Figure 1.1. Wearable devices and sensors with self-powered systems and multifunctional abilities. (left) 
Self-powered wearable electronic skins based on piezoelectric, triboelectric, and thermoelectric harvest 
mechanical and thermal energy from the human body. Through the physical movements of various body 
parts and the heat dissipation from the body, high power of several to tens of watts are generated. (right) 
Multifunctional electronic skins based on resistive, capacitive, triboelectric, piezoelectric accurately 
monitor the user’s biological signals, including the EEG, EMG, and various physiological signals as 
well as physical movements and motions. (bottom) Ubiquitous healthcare systems through wireless 
network and feedback system to healthcare providers. 
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With these great demands for wearable electronics, the importance to develop new type of sensors 
that can accurately monitor the user’s physiological activities and motions have been considerably 
increased. Accordingly, considerable advances in wearable sensors have been recently represented with 
two categories of self-powered and multifunctional sensors. Firstly, self-powered sensors with both 
energy-harvesting and sensing capabilities in a single device are currently drawing much attention for 
application in wearable devices (Figure.1.1, left). In principle, the mechanical and thermal energy can 
be harvested via various energy-harvesting technologies including piezoelectric, triboelectric, 
pyroelectric, and thermoelectric devices. In addition, the voltage and current-output signals from these 
energy harvesting devices can be directly employed for the detection of mechanical and thermal stimuli. 
Without the need for integrating power-supply devices with wearable sensors, self-powered wearable 
sensors allow much more freedom to choose the form factors, enabling flexible and skin-like sensors 
or electronic skins (e-skins). Numerous self-powered e-skins have been reported for applications in 
robotics, prosthetics, healthcare devices, flexible electronics, and environmental monitoring devices. 
However, low stretchability/conformability and limited sensing capabilities remain significant 
challenges for the advancement of wearable electronics. 
In accordance with the requirement of wearable sensors to accurately monitor the user’s biological 
signals in healthcare/wellness applications, including the electroencephalogram (EEG), 
electrocardiogram (ECG), electromyogram (EMG)), and various physiological signals (pulse pressure, 
temperature, etc.) as well as physical movements and motions (Figure 1.1, center), multifunctional and 
highly-sensitive sensory systems are required to perceive a variety of stimuli such as mechanical stimuli 
(dynamic/static touches and normal, shear, tensile, and bending stresses), texture/roughness of surfaces, 
and environmental changes (humidity, light, temperature, etc.). The challenging issue for the realization 
of these multifunctional e-skins is to detect various external stimuli exactly without crosstalk between 
multiple signals. To address the above-mentioned issues, it is necessary to employ various signal-
transduction modes (Figure 1.1, right) properly according to the sensing targets. While piezoelectric 
and triboelectric sensors are fast-responsive, and thus suitable for the detection of dynamic stimuli,4, 5 
piezoresistive and capacitive sensors can detect static pressure and other forces applied in different 
directions.6 In addition, the resistive and capacitive modes of sensors provide high-accuracy response 
to temperature,7 humidity,8 and chemicals.9, 10  
Self-powered and multifunctional e-skins lead to wearable and all-in-one electronics with user-
interactive and unobtrusive properties, combining with energy storage and wireless-communication 
devices. However, there are still several issues including low multidirectional force sensitivities, 
difficulty of sensing multiple stimuli, narrow and nonlinear response, and need of external power source 
for sustainable operation.   
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To address those issues, this thesis introduces novel type of electronic skins based on functional 
composite materials with uniquely designed micro/nanostructures. By introducing micro/nanostructures 
inspired by various bio-systems in nature, it is possible to achieve high-performance electronic skins 
with both high sensitivity and multifunctionality. In addition, these structural modifications of 
composites enable e-skins with wide and linear force sensing capabilities, and enhanced 
mechanochromic sensing capability for stimuli visualization. We believe that our electronic skins will 


























1.1 Electronic skin (E-skin) 
Electronic skin refers to the electronic device mimicking the functionalities of human skin, which 
can detect and discriminate various mechanical/chemical stimuli and environmental conditions by 
converting into various electrical and optical signals. Skin-like sensing capabilities of e-skins for 
multiple mechanical, thermal, and chemical stimuli provide a great opportunity for diverse application 
fields such as human-assistive robots, prosthetics, and augmenting surgical devices. As shown in Figure 
1.2, the real skin at human fingertips can detect and discriminate various static/dynamic touches, strain, 
shear forces, vibration, and temperature by various mechanoreceptors (Meissner corpuscle, Merkel 
disks, Ruffini endings, Pacinian corpuscle) and free nerve ending in the interlocked microstructure 
between the epidermal and dermal layers. In addition, the fingerprint pattern enables the perception of 
fine texture by amplifying the vibrotactile signals. The multifunctional ability of human skin to detect 
and discriminate multiple stimuli individually plays critical roles in grasping and handling objects, 
perceiving slip moment, surface texture detection, etc. Furthermore, continuous temperature and 
humidity monitoring, and self-healing properties are critical in maintaining human activities and healing 
of cutaneous wounds.  
 
Figure 1.2. Electronic skin mimicking the structure and functionality of human skin. 
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1.2 Limitation of conventional electronic skins  
For the development of e-skin that possess those abilities of human skin, initially pressure sensitive 
rubbers (PSRs) composed of conductive filler and elastomeric polymer are demonstrated. Owing to 
their simple structure and operating mechanism, conventional PSRs consisting of conductive 
filler/elastomer composites have been frequently used as a pressure-sensing component integrated with 
field-effect transistors, which is advantageous for signal amplification by FET and available for pressure 
mapping with high resolution.11-13 The PSRs have also been combined with various shapes of 
interconnects such as wavy/serpentine,14, 15 hexagonal16 and open mesh17 to demonstrate high-
performance pressure/strain sensors. These electronic skins exhibited high stretchability and can be 
easily combined with other sensing devices (temperature, light, flow, ECG sensors, light-emitting diode 
etc.).15 However, the low sensitivity, large hysteresis in response to pressure and single sensing 
capability are a challenge to be addressed.  
 
Figure 1.3. Piezoresistive e-skins with pressure sensitive rubber (PSR). (a,b) E-skins combined with 
PSR and field-effect transistors. (K.Takei et al. Nat. Mater. 2010, 9, 821, C. Wang et al. Nat. Mater. 
2013, 12, 899) (c-f) E-skins combined with PSR and various shapes of interconnects; (c) serpentine (D. 
–H. Kim et al. Nat. Mater. 2011, 10, 316), (d) wavy (N. Lu et al. Adv. Funct. Mater., 2012, 22, 4044), 
(e) hexagonal (T. Takahashi et al. Nano Lett. 2011, 11, 5408), and (f) open mesh (Sekitani et al. Nat. 




In order to overcome these challenges, new approaches based on the introduction of microstructures 
into mechanical sensors have recently suggested for enhanced performances of e-skins (Figure 1.4. 
left).18, 19 Various micro/nanostructures inspired by bio-systems or 2D/3D microstructures allow a 
significantly enhanced mechanical sensitivity and a multidirectional force sensing property due to the 
unique structural advantages such as high contact area, and high compressibility. However, most of 
microstructured e-skins have a difficulty of multiple stimuli detection in single devices and narrow 
range of linear response, which prevent the use of e-skins in practical applications. Another approach 
for multifunctional e-skins is the integration of the multiple sensors onto a single substrate in 
combination with flexible interconnects (Figure 1.4. right).20, 21 Although there have been several reports 
on the development of multifunctional e-skins that can detect and differentiate various mechanical and 
thermal stimuli, these approaches typically require the complex fabrication and high cost. In addition, 
sophisticated layouts of interconnected lines such as open mesh and serpentine layouts are needed to 
minimize mechanical strain effects. In this respect, it is important to find the complementary e-skin 
devices that possess the high sensitivity in multi-directional force and sensing capability to multiple 
stimuli, as well as linear and wide sensing range for various practical applications.  
 
Figure 1.4. Representative examples for recent high performance and multifunctional electronic skin. 
(a) Electronic skins with various microstructures for improved sensor performances. (top) Capacitive 
sensor with micropyramid-patterned dielectric layer and field effect transistor (G. Schwartz et al. Nat. 
33 
 
Commun. 2013, 4, 1859). (bottom) Multidirectional piezoresistive sensor with interlocked micropillar 
arrays (C. Pang et al. Nat. Mater. 2012, 11, 795). (b) Multifunctional electronic skins integrated various 
sensors by interconnects which are silicon nanoribbon (top) and polyimide wire (bottom) (J. Kim et al. 



























1.3 Working principles of various electronic skins 
Various types of electronic skins can be classified depending on their signal transduction modes; 
piezoresistivity, capacitance, piezoelectric, and triboelectricity (Figure 1.5). According to their intrinsic 
working principles, electronic skins show different properties such as responsivity, reactivity to specific 
stimuli, and self-power generation, which can determine the target applications. Specifically, 
piezoelectric and triboelectric sensors show spontaneous responsivity and energy harvesting properties, 
which are suitable for applications requiring the detection of dynamic stimuli without external power 
source. On the other hand, the piezoresistive and capacitive sensors are suitable for the detection of 
static forces applied in different directions and environmental conditions such as temperature, humidity, 
and chemicals. The detailed working principles of each electronic skins are described as below.  
Piezoresistivity: The piezoresistive sensors, one of the most widely used transduction modes, 
recognize various tactile stimuli through the change of electrical resistance. In this system, the resistance 
change can be attributed to several factors including the band-structure changes in semiconductors,22, 23 
variations in contact resistance between conducting materials,24 and alternation of conductive networks 
under mechanical deformations.25 As representative examples, various carbon materials such as carbon 
particles, carbon nanotubes, and graphenes are used as conductive fillers in the elastomeric matrix for 
the fabrication of piezoresistve films (Figure 1.5a). When the mechanical stress is applied to 
piezoresistive films, the morphology of conductive fillers within the matrix is changed, thus resulting 
in the modulation of conductive networks and the electrical conductivity. In this materials configuration, 
the amounts of conductive fillers are controlled close to the percolation threshold of fillers, resulting in 
highly sensitive piezoresistive films. In addition to internal conductive network changes in composites, 
the resistivity change of single conductive films by the reversible fracture formation can be another 
operation principle in piezoresistive sensors.   
Capacitance: Capacitive sensors have recently attracted much attention owing to their high 
sensitivity to external stimuli, fast response time, low power consumption and simple device structures. 
The capacitance (C) of a parallel-plate capacitor is expressed as C = (ε·A)/d, where ε is the dielectric 
constant, A is electrode area, and d is the distance between two electrodes, respectively. As is evident 
from the equation, all the variables can be sensitively changed under mechanical stimuli, resulting in 
the realization of capacitive e-skins (Figure 1.5b). In particular, the control of micro/nanostructures in 
dielectric layers has been widely investigated to increase the pressure-sensitive variation of effective 
dielectric constants, which results in the improvement of sensitivity and response/relaxation time in 
capacitive sensors. 
 Piezoelectricity: Piezoelectricity is the ability of certain materials to generate electrical charges in 
response to mechanical stress. The mechanical stress on piezoelectric materials induces the deformation 
of oriented non-centrosymmetric crystal structures, leading to the separation of electric dipole moments 
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and the generation of piezoelectric voltage (Figure 1.5c).26, 27 This stress-responsive property of 
piezoelectric materials has been utilized in the development of energy-harvesting devices that convert 
mechanical stimuli into useable electrical energy.28, 29 In addition to energy-harvesting devices, the 
ability of piezoelectric materials to generate different levels of electricity in response to various 
mechanical stimuli enabled the realization of self-powered piezoelectric skins with tactile sensing 
capabilities. Because of their high sensitivity to dynamic pressure and fast response time, self-powered 
piezoelectric e-skins have been widely used in the detection of dynamic pressures, such as vibration, 
sound, and slip. 
Piezoelectricity can be observed in various inorganic and organic materials. Inorganic piezoelectric 
materials such as ZnO,30 lead zirconium titanate (PZT),31 and BaTiO332 exhibit high piezoelectric 
coefficients (d33), but their intrinsic rigidity restricts their applications in flexible e-skins. On the other 
hand, organic materials (PVDF and PVDF-based copolymers)33-35 with high flexibility are applicable 
to flexible e-skins, but their low d33 should be improved for high-performance e-skins. To address these 
issues, hybridized inorganic piezoelectric materials with flexible substrates and composites of inorganic 
fillers and PVDF matrix have been introduced. In addition, the formation of micro/nanostructures in 
piezoelectric materials is regarded as another method to improve the piezoelectric performances.  
Triboelectricity: Triboelectricity induces electrical charges on the surface of materials, when two 
different materials are rubbed with each other via contact motions such as vertical touch, shear friction 
from sliding motion, and torsional stress. The amount of charges generated via the triboelectric charging 
process depend on the difference in triboelectric polarities between the two contacting materials.36, 37 
The larger the difference in triboelectric polarities, the larger the amount of opposite charges on each of 
the surfaces. When the triboelectric charging effect is combined with the phenomenon of electrostatic 
induction, the accumulated charges can be driven to flow through an external circuit, resulting in the 
flow of electrical current and thus the conversion of mechanical energy into electrical energy.  
The principle of triboelectric generators that convert mechanical energy into electrical energy is 
shown in Figure 1.5d. When the two materials with different triboelectric polarities come into contact 
with each other, the triboelectric effect induces the formation of opposite charges on each side of 
surfaces. Subsequently, when the two materials are separated by releasing external stress, compensating 
charges are generated at each side of the top and bottom electrodes to maintain electrostatic equilibrium. 
This electrostatic induction process drives the electron flow from the top to bottom electrodes along the 
external circuit. Similarly, when the two materials are forced into contact with each other, the electrical 
charges flow in the opposite direction to maintain electrostatic equilibrium. This process enables the 
triboelectric device to generate electrical signals in response to various mechanical stimuli, leading to 




Figure 1.5. Working principle of electronic skins with common transduction modes. (a) Piezoresistive 
sensor based on the modulation of conductive network. (b) Capacitive sensor of a parallel-plate 
capacitor. (c) Piezoelectricity generated in single film. (d) Triboelectricity. (left) Triboelectric series 
from positive to negative tendency for common materials. (right) Operating mechanism of pressure 








1.4 Microstructured electronic skin 
Owing to the growing demands for the improved performance of self-powered and multifunctional 
e-skins, many efforts have been made to introduce novel materials and structural designs. In particular, 
various design strategies based on bio-inspired micro/nanostructures and 2D/3D structures have been 
reported to increase the e-skin’s sensitivity, selectivity, response time, mechanical compliance, and 
device pixel resolution (Figure 1.6). In bio-inspired micro/nanostructures, interlocking,19 hierarchical,6 
crack,40 and whisker41, 42 structural designs have mimicked the biological structures to acquire high 
surface area, easy deformation, and the stress-direction-sensitive variation of structural deformations, 
leading to the highly sensitive response to normal, tensile, shear, and vibration forces as well as 
multidirectional stress sensing. The unique fingerprint patterns and epidermal-dermal microstructures 
of the skin at human fingertips amplify the pressure and vibration signals for texture perception and slip 
detection, which help in exactly recognizing various surfaces of arbitrary objects.43 Similarly, 2D and 
3D microstructures such as pyramid-44 or dome-shaped45, 46 surfaces and porous structures47, 48 have 
been also utilized to improve the sensor performances. In addition, wavy, wrinkle, and serpentine 
structures have been utilized to enhance the stretchability of interconnect electrodes and sensor 
devices.49-51 Controlling unique microstructures in sensor systems is an effective way to develop high-






Figure 1.6. Bio-inspired structures (interlocking, hierarchical, crack-based, whisker, and fingerprint 
structures) and 2D and 3D structures (serpentine, wrinkle, pyramid, dome, and pore structures). 
“Interlocking:” C. Pang et al. Adv. Mater. 2012, 24, 475. “Hierarchical:” C. Pang et al. Adv. Mater. 2015, 
27, 634. “Crack:” D. Kang et al. Nature, 2014, 516, 222. “Whiskers:” K. Takei et al. Proc. Natl. Acad. 
Sci. 2014, 111, 1703. “Fingerprint:” J. Park et al. Sci. Adv. 2015, 1, e1500661. “Serpentine:” D.-H. Kim 
et al. Science, 2011, 333, 838. “Wrinkle:” D. J. Lipomi et al. Nat. Nanotechnol., 2011, 6, 788. “Pyramid:” 
G. Schwartz et al. Nat. Commun., 2013, 4, 1859. “Dome:” J. Park et al. ACS Nano, 2014, 8, 4689. 











1.3.1 Bio-inspired microstructures for electronic skin 
The bio-inspired micro/nanostructures provide an efficient strategy to improve the sensitivity and to 
obtain multiple sensing capabilities. As mentioned previous chapter, in human fingertip skin, the 
interlocked geometry of intermediate ridges at the epidermal–dermal junction plays a critical role in the 
efficient magnification and transduction of tactile stimuli to nearby mechanoreceptors. This capability 
of interlocked intermediate ridges has been attributed to the stress concentration on the intermediate 
ridge tips.52, 53 Motivated by the interlocked epidermal–dermal layers, our group demonstrated tactile-
direction-sensitive e-skins with an interlocked microstructure geometry (Figure 1.7a).45, 46 In this sensor 
system, the localized stress at the contact points between neighbouring microdome arrays can provide 
a large variation of contact area and thus the large variation of tunnelling piezoresistance, leading to 
high pressure sensitivity. Furthermore, the unique geometry of interlocked microdome arrays also 
provides different levels of deformation in response to various mechanical stimuli (normal, shear, 
stretching, bending, and twisting forces), which resulted in the demonstration of tactile-direction-
sensitive e-skins. In addition to human skin, the bio-inspired interlocked and hierarchical structure, 
which can be founded beetle wings and dragonflys, induce effective stress propagation and a large 
contact-area change between neighboring microstructures in response to mechanical stress, resulting in 
high piezoelectric sensitivity (Figure 1.7b).6, 54, 55  
As another bio-inspired structure, the formation of micro/nanoscale cracks on the sensor materials 
has been suggested for improving mechanical sensitivity. The nanoscale cracks can easily be deformed 
in response to small external forces, which leads to the sensitive variation of electrical resistance in 
response to mechanical stimuli including vibrations and static mechanical forces (pressure, strain, etc.) 
(Figure 1.7c).40 In addition, bio-inspired sensing structures found in whisker structures in insects and 
mammals, which have functions to monitor and recognize air-flow and surrounding obstacles through 
the deformation of hair-like structures (Figure 1.7d).42, 56, 57 Additionally, the bending direction of 




Figure 1.7. Bio-inspired nano/microstructures for electronic skin. (a) Human-skin-inspired 
electronic skins with interlocked microdome arrays. (J. Park et al. ACS Nano, 2014, 8, 4689, J. Park et 
al. ACS Nano, 2014, 8, 12020). (b) Bio-inspired self-powered e-skins based on the interlocking 
geometry of ZnO nanowires on microstructured PDMS. (M. Ha et al. Adv. Funct. Mater., 2015, 25, 
2841) (c) Crack-based ultrasensitive strain sensors inspired by the spider’s sensory system. (D. Kang et 
al. Nature, 2014, 516, 222). (d) Whiskers of a mammal and multifunctional artificial electronic whisker 







1.3.2 2D and 3D microstructures for electronic skin 
In addition to bio-inspired electronic skins, the introduction of various 2D/3D micro/nanostructures 
to electronic skins has been suggested to improve the performance of sensors. While conventional 
sensing elements based on non-structured composite materials have issues such as narrow sensing range, 
low sensitivity, slow response/relaxation, and large hysteresis, the formation of micro/nanoporous 
structures in the sensing elements provides high deformability, fast response/relaxation speed, and 
increased contact area under the applied mechanical forces. Porous structure provide uniform and large 
contact area changes and high compressibility, which can enhance significantly the performance of e-
skins including force sensitivity, response/relaxation time, and resilience (Figure 1.8).47 For example, 
the hollow-sphere structure possesses high flexibility and a structure-derived low effective elastic 
modulus, leading to easy deformation and fast recovery under external pressure.24 Furthermore, the 
porous structures in PVDF film induce a large film displacement between the pores, leading to large 
electric power generation under mechanical stimuli.58  
 
 
Figure 1.8. 2D and 3D micro/nanostructures for electronic skins (Porous structure). (a) 
Piezoresistive e-skin based on CNT/PDMS composites with micropores (S. Jung et al. Adv. Mater., 
2014, 26, 4825). (b) Highly sensitive pressure sensor based on hollow-sphere microstructured PPy (L. 
Pan et al. Nat. Commun., 2014, 5, 3002). (c) Mesoporous PVDF-film-based piezoelectric 








Surface structuring into microscale pyramid, pillar, and dome shapes is an efficient way to increase 
piezoresistive properties. The microstructured surfaces provide a large contact-area variation and high 
compressibility under mechanical stimuli, leading to piezoresistive e-skins with high sensitivities and 
wide dynamic ranges (Figure 1.9a). In addition, microstructured piezoelectric e-skin with trigonal line-
shaped and pyramid-shaped micropatterned P(VDF-TrFE) produce nearly several times larger voltage 
output, compared to flat-film-based piezoelectric e-skin (Figure 1.9b). Through the modulation of 
conductive networks and morphologies of films, wrinkles and buckled structures are also used to 
achieve strain-sensing property (Figure 1.9c). 
 
 
Figure 1.9. 2D and 3D micro/nanostructures for electronic skins (Surface microstructure and 
wrinkle structure). (a) Highly sensitive pressure sensors based on conductive electrodes on 
micropyramid PDMS arrays (C. L. Choong et al. Adv. Mater. 2014, 26, 3451). (b) Micropatterned 
P(VDF-TrFE) film-based piezoelectric nanogenerators for pressure sensors (J. H. Lee et al. Adv. Funct. 
Mater. 2015, 25, 3203). (c) Strain sensors based on Ag nanowires on buckled elastomers (K. K. Kim et 











1.4.1 Flexible electronics & sensors 
Flexible and self-powered e-skins can find wide applications in wearable, skin-attachable, and 
implantable electronics for future human–machine interfacing and healthcare monitoring systems.59-63 
For the user-friendly wearable devices, highly flexible and foldable textiles decorated with nanowires 
have been used in triboelectric systems to demonstrate a self-powered suit that powers the displays and 
remote controllers for human–machine interface systems (Figure 1.10a).64 This textile-type triboelectric 
system has a potential advantage of enabling an intimate contact with the human body, and can thus 
provide facile energy harvesting from daily human motions. Invisibility in self-powered electronics is 
advantageous in applications in anti-theft and anti-fake systems (Figure 1.10b). Transparent and flexible 
triboelectric systems have been demonstrated based on the electrostatic induction effect on CNT and 
nanocellulose papers, which can detect finger pressure and generate energy to light LCD monitors for 
future security surveillance.65 Similarly, self-powered systems can harvest energy from wind flow and 
raindrops and subsequently use the harvested energy to activate electrochromic materials for smart 
window applications.66  
Piezoelectric self-powered e-skins with excellent sensitivity and fast response time to dynamic 
mechanical stimuli can be used to detect acoustic sounds with high-frequency vibrations (Figure 
1.10c).67 This device structure enables the instantaneous deformation and relaxation of flexible 
inorganic PZT thin film and thus the subsequent variations in piezoelectric voltage, resulting in the 
detection of high-frequency sounds. The precise monitoring of sound waveforms by piezoelectric e-
skins can be used for next generation wearable microphone which can selectively detect the specific 
frequency. Triboelectric self-powered sensors with extremely fast response can detect and trace 
instantaneous human-body motion and mobile objects. Single-electrode-based triboelectric sensors 
modified with polymeric nanowires accurately detect moving objects and human-body motion (Figure 
1.10d).68 Furthermore, charge-susceptible triboelectric sensors enable the detection of different charged 
solvents and molecules for chemical sensors. TiO2-nanostructure-based triboelectric sensors can detect 
water molecules with positive tribo-charges as well as the mechanical force exerted by a falling water 
droplet (Figure 1.10e).69 In addition, the chemically modified nanostructure arrays can even recognize 
catechin70 or dopamine molecules63 from the variation of the triboelectric effect. These results 




Figure 1.10. Applications of flexible electronics and sensors. (a) Nanopatterned-textile-based 
wearable triboelectric nanogenerators integrated with commercial LCD, LEDs, and remote control (W. 
Seung et al. ACS Nano, 2015, 9, 3501). (b) Transparent-nanopaper-based smart mapping anti-fake 
system (X. Wang et al. Adv. Mater., 2015, 27, 2324). (c) Acoustic sound sensor based on piezoelectric 
e-skins with inorganic PZT thin film. (H. S. Lee et al. Adv. Funct. Mater. 2014, 24, 6914). (d) 
Triboelectric sensors for trajectory, velocity, and acceleration tracking of moving objects. (F. Yi et al. 
Adv. Funct.Mater. 2014, 24, 7488). (e) Triboelectric nanogenerators for harvesting water energy and 






1.4.2. Prosthetics and robotics 
E-skins with mechanical reliability and high sensitivity to complex mechanical stimuli can be used 
in prosthetics and robotics.71, 72 Kim and co-workers demonstrated flexible prosthetic skins based on 
stretchable silicon nanoribbon electronics that can simultaneously detect multiple external stimuli of 
strain, pressure, temperature, and humidity (Figure 1.11a).20 For robotics applications, the highly 
sensitive strain sensor can perceive multiple deformations such as strain, bending, and torsion stimuli 
and thus monitor complicated robotic movements in real time (Figure 1.11b).73 In addition to sensing 
simple mechanical stimuli including normal pressure, strain, and bending, texture perception is an 
important functionality of human fingertip skin (Figure 1.11c).74-76 The fingerprint pattern on the 
sensing element amplifies vibrotactile signals when the e-skin is scanned over the surface of objects. 
Subsequently, the piezoresistive composite of PDMS and CNT with interlocked geometry under the 
fingerprint pattern perceives the amplified vibrotactile signals from various surface textures (e.g. 
different fabrics) and discriminates various surface morphologies and information including the pattern 
shapes and surface hardness/softness. The e-skins with texture-perception capability will accelerate the 





Figure. 1.11. Application of e-skins for prosthetics and robotics. (a) Multifunctional prosthetic skins 
that can detect the strain, pressure, temperature, and humidity and associated with heater and Pt-
nanowire-based multi-electrode (J. Kim et al. Nat. Commun., 2014, 5, 5747). (b) Strain sensors attached 
at the moving joints of robots (X Li et al., Adv. Mater. 2015, 27, 4447). (c) Texture perception by 
scanning fingertip-skin-inspired e-skin with interlocked geometry and a fingerprint pattern over a 





1.4.3. Biomedical devices 
Flexible e-skins with high sensitivity to mechanical stimuli can be used to monitor the vital signals 
of the human body precisely, thereby providing efficient and non-invasive medical diagnosis (Figure 
1.12). For example, the real-time monitoring of arterial pulse provides useful information such as 
arterial blood pressure and heart rate, which are associated with cardiovascular diseases such as 
arteriosclerosis, diabetes, and hypertension.78, 79 In addition to arterial pulse, the detection of respiration 
is another important application of e-skins because respiration rate and breathing pattern are important 
vital signs that can indicate a person’s lung function and quality of sleep.80-82 Rogers and coworkers 
demonstrated flexible and stretchable e-skins integrated on the brain, heart, and skin to monitor disease 
states and improve surgical procedures.51, 83 This multifunctional inflatable balloon catheter, which is 
an invasive medical device, integrated with tactile, optical, temperature, electrocardiogram (ECG), and 
flow sensors as well as radiofrequency electrodes for the ablation of tissue.15  
 
Figure 1.12. Applications of e-skins in biomedical devices. (a) Artery pulse pressure monitoring 
devices (X. Wang et al., Adv. Mater. 2014, 26, 1336). (b) Strain sensors integrated with a supercapacitor 
and triboelectric nanogenerator for respiration monitoring device (B,-U, Hwang et al., ACS Nano, 2015, 
9, 8801). (c) Multifunctional inflatable balloon catheters in inflated states and an electrogram from the 
right ventricle of a rabbit heart detected by a multifunctional balloon catheter (D.-H. Kim et al, Nat. 




Chapter 2. Piezoresistive composite elastomers with interlocked microdome 
arrays for ultrasensitive and multimodal electronic skins 
 
2.1 Introduction 
Human skin possesses a high degree of flexibility and stretchability and can sense pressure, shear, 
strain, temperature, humidity, fluid flow and pain. As such, it is an ideal system to model multifunctional 
and flexible electronic skins,84, 85 which are used in wearable electronics, prosthetic limbs, robotic skins, 
and remote surgery, as well as in a wide range of other electronic and biomedical applications.11, 12, 15, 18, 
19, 34, 72, 86-91 Proposed and implemented approaches for realizing flexible and sensitive electronic skins 
include systems based on resistive11, 12, 19, 72, 87, 89, 91, capacitive18, 88, 90, piezoelectric34, 92 and triboelectric93 
modes of operation. Although such systems have yielded performances that satisfy or exceed the 
sensing capabilities of human skin, the development of flexible electronic skins that possess multimodal 
sensing capabilities for the detection of subtle environment changes remains challenging. 
Piezoresistive composite elastomers hold substantial promise for the realization of electronic skins, 
owing to their inherent flexibility, stretchability and chemical stability and simple, scalable and low-
cost fabrication processes. Traditionally, conductive fillers such as carbon blacks, graphites, metal 
particles and carbon nanotubes (CNTs) are incorporated into elastomers to generate piezoresistive 
behavior. The piezoresistivities are primarily attributed to the variation in tunneling resistance when the 
inter-filler distance changes under external stress.94-96 To maximize these piezoresistive effects, the 
concentration of conductive fillers is kept near the percolation threshold; under external stress, the 
resistance then changes sharply. However, sensors that are based on composite elastomers suffer from 
poor sensitivities and are not suitable for detection in low-pressure regimes (< ~10 kPa). Moreover, 
they exhibit negative effects under temperature variation, due to polymer swelling and changes in inter-
filler distances.97, 98 Finally, the intrinsic viscoelastic properties of composite elastomers result in 
significant hysteresis and slow response/relaxation times99, which present a significant challenge for 
their applications in high-performance electronic skins. In this study, we demonstrate a novel design 




2.2 Experimental Details 
Elastomeric composite films with microdome arrays: For the fabrication of the pre-cured CNT–
PDMS composite mixtures, multi-walled nanotubes (MWNTs, Sigma Aldrich) with diameter ranging 
from 110 to 190 nm and length ranging from 5 to 9 μm were dispersed in chloroform by sonication for 
6 hours. The dispersed MWNT solution was completely mixed with a PDMS base (Sylgard 184, Dow 
Corning) using a vortex mixer. Chloroform was subsequently removed by evaporation for 6 hours at 
90°C on a hot plate. Immediately prior to the micromolding process, hexane and the PDMS curing agent 
(1:10 ratio for curing agent to base) were added to the dried MWNT–PDMS composite mixtures (at a 
ratio of 1 ml hexane for each 500 mg of PDMS) and mixed with a vortex mixer for 5 minutes. For the 
fabrication of composite microdome arrays, the composite mixture was cast onto a silicon micromold 
with periodic hole arrays (dimensions: 3.5 μm diameter, 6 μm pitch, and 1 cm × 1.5 cm surface area) 
and thermally cured at 90°C for 3 hours. The thicknesses of the composite films were controlled to be 
~500 m. For the fabrication of the sensor arrays, platinum electrode lines with widths of ~5 mm were 
deposited on thin PDMS films (~500 µm) by sputter coating (EMITECH, K575X). The interlocked 
composite films were sandwiched between two PDMS films with platinum electrode lines. The tubular-
type flow sensors were fabricated by inserting the interlocked films into micropipette tips (with a 
diameter of 1.2 cm and length of 5 cm). 
Characterization: The microstructures of the composites were characterized using a field-emission 
scanning-electron microscope (SEM) (S-4800, Hitachi). The sheet resistance of the planar composite 
films was measured using a four-point-probe method (4200-SCS, Keithley). The change in electrical 
resistance of the microdome-patterned composites under various force conditions was measured using 
a two-probe method in which copper tapes were attached to each side of the microdome-patterned 
composite with silver paste and annealed at 100°C for 1 hour. A home-built microstage system (Micro 
Motion Technology, Korea) was used to apply normal forces to the composite films and a weight 
balance underneath was used to measure the forces. To evaluate the flow-detection capability, the skin 
sensors were exposed to argon flow (ranging from 1 to 5.3 m/s). The skin’s vibration-detection 
capability was measured using a coin-type vibration motor (DVM1034, Motorbank Co., Korea) that 
controlled the intensity of the vibrations (0−2 m/s2) and a vibrometer (ACO 3116, Guangzhou Orimay 
Electronic Co., Japan) that picked up the vibration intensities. The young’s moduli of composites were 
measured by tensile testing (universal testing machine, WL2100, WITHLAB Co., Korea) at a speed of 
5mm/min. 
Finite-element method: In the contact-area calculations, we performed structural analyses using 
finite-element simulations. We modeled composites that were reinforced by different weight 
percentages of CNTs as linear elastic materials using experimentally measured elastic constants (Figure 
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2.1). Periodic boundary conditions were applied to the in-plane directions and the bottom surface was 
fixed. All loading conditions were assigned through displacement control and converted to the 
corresponding pressure from reacting forces. We used more than 2.8 million four-node linear tetrahedral 
elements with an adaptive mesh-refinement scheme around the contact area. To model the mechanical 
contact between two deformable surfaces, a surface-to-surface contact scheme was employed. 
 
 









2.3 Results and Discussion 
The defining feature of our design is that we shape the composite elastomer films into interlocked 
microdome arrays. These films were fabricated by micromolding a liquid mixture composed of CNTs, 
polydimethylsiloxane (PDMS) prepolymer and a curing agent with a microhole-patterned silicon mold 
(Figure 2.2a). The micromolding process produces a flexible composite film with regular microdome 
arrays, characterized by a height of ~3 m, a diameter of ~4 m and a pitch of 6 m (Figure 2.2b). For 
the fabrication of electronic skins, two composite films with microdome arrays are combined with the 
patterned sides facing each other. This construction produces an interlocked geometry of microdome 
arrays (Figure 2.2c). The basic working principles of our electronic skins are illustrated in Figure 2.2d. 
The external pressure induces stress concentrations at the small contact spots and local deformations in 
the microdomes. In turn, the contact area between the interlocked microdome arrays increases 
significantly and affects the tunneling resistance at the contact spots. The result is a giant tunneling 


















Figure 2.2. Conductive composite elastomers with interlocked microdome arrays. (a) Schematic of the 
fabrication procedure used to produce the CNT-composite elastomers with microdome arrays. (b) Tilted 
SEM image of the composite elastomers (bottom diameter: ~5 µm; height: ~3.5 µm; pitch: 6 µm). The 
inset photo highlights the flexibility of the arrays (scale bar: 10 µm). (c) Schematic (top) and cross-
sectional-SEM image (bottom) of the composite films (scale bar: 5 µm). (d) Schematic showing the 
working principle of the electronic skin. The external pressure concentrates stress at the contact spots, 










To demonstrate and quantify the effects of the interlocked geometry on piezoresistance, we compared 
the relative electrical resistances (R/R0) of composite films for three different configurations: a single 
planar array, a single microdome array and an interlocked microdome array (Figure 2.3a). Composite 
films with interlocked microdome arrays exhibit an abrupt switching behavior with ROFF/RON ratios on 
the order of 105 when the applied pressure is increased from 0 to ~10 kPa. For composite films with 
single microdome arrays and composite films with planar structures, the ratio ROFF/RON is ~100 and ~2, 
respectively. All these systems display a decrease in resistance as the pressure is increased. A switching 
ratio of 105 in a low-pressure range (< ~10 kPa) compares favorably with the pressure-induced 
switching ratios in a high-pressure range achieved with piezoresistive composites100 (~106 at ~1 MPa) 
and rare-earth chalcogenide films101 (~103 at ~2 GPa). We attribute the significant decrease in resistance 
of the interlocked microdome arrays relative to the planar film primarily to the deformation of the 
microdome structures and the resulting variation in contact area, which affects the contact resistance 
(Rc) between the microdome arrays. Conversely, the piezoresistance of planar films is mainly affected 
by the change in film resistance (Rf) due to the decrease in inter-tube distances in the CNT conductive 
network within the composite film. We also note that the strong piezoresistive-switching behavior 
causes a nonlinear dependence of the resistance on pressure, which is in general observed for 
piezoresistive composites that exhibit tunneling effects.95  
For quantitative analyses, the piezoresistive pressure sensitivity, S, is defined as S = (R/R0)/(P) in 
the linear regime, where R and P are the resistances of the sensors and the applied pressure, respectively. 
In the low-pressure range (< 0.5 kPa) of the linear regime, the sensitivities of interlocked microdome 
films (15.1 kPa1) are ~3 and ~24 times higher than the sensitivities of single microdome films (5.4 
kPa1) and planar films (0.6 kPa1), respectively, (Figure 2.4). They are also significantly higher than 
the sensitivities recently reported for a resistive graphene-polyurethane sponge102 (0.26 kPa1) and 
capacitive microstructured films18 (0.84 kPa 1). The log–log plot (Figure 2.3b) of relative resistance as 
a function of pressure shows a linear decrease in relative resistance with an increase in pressure over a 
wide dynamic range (~0.259,000 Pa), which indicates an exponential dependence of resistance on the 
applied pressure. In particular, we observed that the sensors can detect a minimum applied pressure of 
~0.2 Pa (Figure 2.5), which is below the gentle touch (~1 KPa) of human fingertips,103 the minimum 
detection limits (> ~1 kPa) of traditional piezoresistive composites,11 and comparable with values 
recently reported for resistive (5 Pa),19 capacitive (3 Pa),88 piezoelectric (0.1 Pa)34 and triboelectric (0.4 
Pa)93 sensors. The high sensitivities of our sensors are also verified by monitoring the dynamic time-
resolved change in relative resistance as water droplets with a weight of ~8.7 mg (corresponding to a 
pressure of ~0.6 Pa) continuously fall onto the electronic skins (Figure 2.6).  
The interlocked-microdome-array design offers the advantage of rapid response and relaxation times 
as compared with the planar composite films. This is due to the immediate pressure-induced surface 
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deformation of the microdomes, which overcomes the limitation of the slow viscoelastic behavior of 
bulk composites. The films with interlocked microdome arrays exhibit response/relaxation times of 
~0.04 s, which is an order of magnitude faster than the response/relaxation times of planar films 
(~0.380.44 s) (Figure 2.3c) and compares favorably with recent studies of other sensors (0.010.3 s).18, 
19, 104 A further advantage of the interlocked geometry is the reduced temperature dependence of the 
piezoresistance, which remains a challenging issue for conventional elastomeric composites, where the 
inter-filler distances change during the thermal expansion of the composites.98 As the tunneling 
resistance of our sensors depends primarily on the variation in contact area, our sensors show minimal 
changes in relative resistances with temperature changes in the range from 30 to 90 °C (Figure 2.3d). 
In contrast, the planar composite films show temperature-dependent variations in the relative resistances. 
Moreover, our electronic skins also display minimal hysteresis effects (Figure 2.7a) and maintain their 
initial resistance after 1000 loadings of ~59 kPa (Figure 2.7b). 
To elucidate the working principles underlying the pressure sensitivity of our electronic skins, we 
calculated the tunneling resistance between the interlocked microdome arrays and compared these 
numbers with the experimental results. The tunneling resistance (Rt) at the contact spots between the 
interlocked microdome arrays is given by Rt = (V/J)(1/ACNT), where V is the applied voltage, J is the 
current density through the insulating layer between the interlocked microdome arrays and ACNT is the 
electrical-contact area through which the current passes between electrically conductive CNT portions 
at the surface of the interlocked microdome arrays. The current density is estimated within the so-called 
Simmons model (Section S2.1).105 In this model, when the applied voltage is smaller than the barrier 








√?̅?) − (?̅? + 𝑒𝑉) exp (−
4𝜋∆𝑠√2𝑚
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where e is the elementary charge, h is Planck’s constant, s and ?̅? are the effective barrier thickness 
and average barrier height of the insulating layer, respectively, m is the electron mass and V is the 
applied voltage.  
In order to obtain the electrical-contact area (ACNT) as a function of pressure, we performed finite-
element simulations of a model system with interlocked microdome arrays (Section S2.1). As shown in 
Figure 2.3e, when pressure is applied to the electronic skin, the unique geometry of a spherical 
microdome induces a local-stress concentration at the small contact spots between the interlocked 
microdome arrays, in which the local stress field widens and the stress intensity increases with normal 
pressure. In particular, the local stress induces a deformation of the microdomes, which in turn causes 
an increase in the contact area between the interlocked microdomes (Figure 2.8b). The degree of 
increase in contact area with applied pressure depends on the elastic modulus of the microdome; the 
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large deformation of microdomes with low elastic moduli of the composites produces a large increase 
in contact area. The contact area between the interlocked microdome arrays comprises the geometrical 
contact area (Adome), which contains distributed portions of the electrical-contact area (ACNT). We can 
estimate the area ACNT by considering the CNT areal fraction in the cross-sectional area of the 
composites (Section S2.1). Figure 2.3f shows how ACNT increases with pressure, according to a power-
law function y = axb with exponent b = 0.7 for all samples with different CNT concentrations. This 
particular power-law dependence of ACNT on pressure is similar to that within an analytical Hertzian 
contact model,106 where b = 2/3. This suggests that the contact between two spheres is nonadhesive and 
elastic for pressures below 80 kPa. As higher CNT concentrations result in a larger CNT areal fraction, 
the electrical contact area increases with CNT concentration.  
Experimental tunneling resistance can be expressed as Rt = R  Rf  Rcr, where R is the total resistance 
of the composite film (Figure 2.9a), Rf is the bulk-film resistance and Rcr is the constriction resistance. 
The resistance Rf is obtained from planar composite films (Figure 2.9b). The constriction resistance Rcr, 
which is attributed to impeded electron flow when current passes through a small contact area, can be 
neglected in our system, because the diameters of the CNTs and the inter-tube contact areas are 
comparable; constriction resistance can be disregarded when the ratio D/d < ~10 (where D denotes the 
diameter of filler material and d the diameter of the contact spot).94 Figure 2.3g represents the 
experimental tunneling resistances, which are obtained using the equation for Rt as given above and the 
theoretical tunneling resistance fitted to the experimental data using an adjustable initial thickness of 
the insulating layer (s0). Figure 2.3g shows fair agreement between the experimental data and the 
calculated data with an initial barrier thickness of s0 = 15.8, 14.8, 13.5 and 11.5 Å  for 5, 6, 7 and 8 wt% 
CNTs, respectively. We also observe that the variation in relative resistance with pressure increases 
with CNT concentration, due to the larger electrical contact area for higher CNT concentrations. This 
behavior differs distinctly from that of a planar composite film, in which the resistance between the 
CNT junctions is a dominant contributor to the variation in CNT-network resistance and the composite 
resistance. Therefore the CNT concentration near the percolation threshold for a planar composite film 
(~6 wt%; Section S2 and Figure 2.10a) exhibits the strongest piezoresistive behavior, whereas the 
smallest change in resistance is observed for a concentration of 8 wt%, which exceeds the percolation 
threshold (Figure 2.10b). 
 
S2.1 Calculation of tunneling resistances 
The tunneling resistance (Rt) at the contact spots between the interlocked microdome arrays was 
obtained using the relation Rt = (V/J)(1/ACNT), where V is the applied voltage, J is the current density 
through the insulating layer between the interlocked microdome arrays, and ACNT is the electrical-
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contact area though which the current passes between electrically-conductive CNT portions at the 
surface of the interlocked microdome arrays. The current density can be obtained by applying the 
Simmons model,105 in which the tunneling current J through a thin layer of insulator between metal 
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where e is the elementary charge; h is the Planck’s constant; s and ?̅? are the effective barrier 
thickness and the average barrier height of the insulating layer, respectively; m is the electron mass; and 
V is the applied voltage. The effective barrier thickness is given by s = s2 – s1, where s1 and s2 are the 
distances between the two contacts and the barrier at the Fermi level. When V < 0/e, s1 and s2 are 
obtained by 
𝑠1 = 1.2λs/𝜑0  
𝑠2 = 𝑠 [1 −
9.2𝜆
3𝜑0 + 4𝜆 − 2𝑒𝑉
] + 𝑠1  





where 0 is the vacuum permittivity and  is the relative dielectric constant of the barrier layer. The 
average barrier height with the image-charge effects is given by  










Here, the image-charge effect is included to round off the corners of the rectangular barrier and to 
reduce the thickness of the barrier, which causes an increase in the tunneling currents. To fit the 
tunneling resistance in Figure 2.3g, the rectangular-barrier height 0 is approximated by the work 
function of multi-walled carbon nanotubes (4.95 eV).107 The relative dielectric constant of the barrier  
is 2.65 for the PDMS insulating layer.  
We performed simulations using the finite element method (FEM), considering a model system with 
interlocked microdome arrays (Figure 2.8a). The geometries of the microdome arrays used in the FEM 
simulation are defined by a radius of 2.5 m, a height of 2√3 m, and an array pitch of 6 m. From 
the FEM simulations based on the elastic-modulus values of composites with different CNT 
concentrations (Figure 2.1), we obtained the contact area between the interlocked microdome arrays 
(Figure 2.8b). This area consists of the geometrical contact area (Adome), which in turn contains the 
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distributed portions of the electrical contact area (ACNT). The electrical-contact area (ACNT) was obtained 
by considering the CNT areal fraction in the cross-sectional area of the composites, which can be 
approximated as Vf/2π for CNTs with 3D random orientations, where Vf is the volume fraction of the 
CNTs in the composite.108 Considering the probability of two distributed CNT portions that are in 
contact with the interlocked microdome arrays, ACNT can be estimated as ACNT = Adome(Vf/2π)2. The 
barrier thickness s changes with applied pressure and can be expressed as s = s0(1), where  is the 
compressive strain at the contact spot, as derived from FEM simulations (Figure. 2.8c). The calculated 
tunneling resistance is fitted to the experimental values with the adjustable initial thickness of the 
insulating layer (s0). 
 
S2.2 Percolation threshold of CNT composites 
We investigated the percolation behavior of CNT–PDMS composite films by measuring the sheet 
resistance as a function of CNT concentration (Figure 2.10a) and observed a sharp decrease in the sheet 
resistance near 6 wt% CNT. This sharp decrease indicates the formation of a conductive network near 
the percolation threshold and is attributed to the uniform distribution of individual CNT fillers inside 
the PDMS matrix without aggregation (Figure 2.10c-f). According to percolation theory, the sheet 
resistance (Rsh) of CNT–PDMS composites is given by 
𝑅sh ∝ (𝑚 − 𝑚𝑐)
−𝛼  for 𝑚 > 𝑚𝑐       (1) 
where mc is the critical weight fraction required for the onset of a conductive network and α is a 
critical exponent with an approximate value of 1.3 for two-dimensional percolation networks and 2.0 
for three-dimensional percolation networks.109, 110 The inset in Figure 2.10a shows the best fit to the 
sheet resistance as a function of (m-mc), at a CNT percolation concentration of 5.9 wt%. This fit suggests 
a critical exponent of 1.79, which is similar to the typical critical exponent in 3D systems. The pressure-
sensitive properties of planar composite films were investigated by measuring the electrical resistance 
R as a function of the normal pressure on the films. As expected, the 6-wt%-CNT sample shows the 
highest pressure sensitivity (Figure 2.10b) as the concentration is close to the percolation threshold. The 
8-wt%-CNT sample shows the lowest pressure sensitivity because the concentration is substantially 





Figure 2.3. Pressure-sensing capabilities of sensors with interlocked microdome arrays. (a) The 
comparison of pressure sensitivities of different sensor structures for 8 wt% CNTs: planar (black), 
microdome (red) and interlocked microdome (blue). (b) Log–log plot of the pressure-response curve 
for the interlocked microdome arrays (8 wt% CNTs), which shows the minimum detection limit (~0.2 
Pa) and the dynamic pressure range. (c) Comparison of response/relaxation times for different sensor 
structures for 8 wt% CNTs and 65 Pa pressure loading: planar (upper) and interlocked microdome 
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structures (bottom). (d) The effect of temperature variation on different sensor structures for 8 wt% 
CNTs and 19.6 kPa pressure loading: planar (upper) and interlocked microdome structures (bottom): 
planar (upper) and interlocked microdome structures (bottom). (e) Finite-element calculations that show 
the deformation and the local stress distribution of interlocked microdome arrays with applied pressure 
(1.360.5 kPa). (f) The electrical contact area (ACNT) as a function of pressure for different CNT wt% 
(58 wt%). The solid lines represent power-law fits to ACNT with an exponent of 0.7. (g) Experimental 
tunneling resistances (dotted plots) of the interlocked microdome arrays for different CNT 





















Figure 2.4. Piezoresistive pressure sensitivity of composite films for three different configurations: a 





Figure 2.5. Real time variation in the relative resistance of a composite film with interlocked 






Figure 2.6. Dynamic time-resolved variation detected by our electronic skin when exposed to a string 





Figure 2.7. (a) Relative change in resistance for the loading and unloading cycles under pressures of 
6.5 kPa and 65 kPa. (b) Relative change in resistance for the multiple-cycle tests with a repeated 





Figure 2.8. Finite-element-method simulations of interlocked microdome arrays. (a) A model system 
used in FEM simulations. The geometries of the microdome arrays are given by a radius of 2.5 m, a 
height of 2√3 m, and an array pitch of 6 m. (b)  Change in contact area for the interlocked 
microdome arrays as a function of pressure at different concentration of CNTs (58 wt%). (c) The 







Figure 2.9. Total resistances for composite films. (a) Film containing interlocked microdome arrays; 
(b) film containing planar structures. The tunneling resistance is obtained using the relation Rt = R  Rf 
 Rcr, where R is the total resistance of composite film with interlocked microdome arrays, Rf is the 




Figure 2.10. Electrical properties and fracture morphologies of planar composite films. (a) The sheet 
resistance of composite films as a function of CNT concentration. The inset shows the power-law fits 
of the sheet resistance as a function of the reduced mass fraction (mmc), where mc is the required 
critical weight fraction for the onset of the conductive network. (b) Relative variation in resistance for 
planar composite films as a function of pressure. (c)(f) Representative cross-sectional SEM images of 






In order to explore the ability of our sensors to resolve the spatial distribution and magnitude of 
applied pressure, we fabricated 1010-pixel arrays of electronic skin sandwiched between a cross-array 
of platinum electrodes (Figure 2.11a). Pressures of 12 kPa were applied to the sensors via three 
different pieces of PDMS (shaped to form the letters “F”, “N”, and “L”) placed on top of the sensor 
array (Figure 2.11b). The contact regions under the PDMS letters were compressed due to the local 
pressure, resulting in decreased resistance in those regions, differentiating these regions from the 
uncompressed regions. In addition to detecting the static-pressure distributions, our sensors were also 
used to detect dynamic pressure variations, which is important for real-time monitoring of 
environmental changes. Figure 2.11c shows the real-time variation in relative resistance under 
continuous locomotions (climb, crawl, descend, and head shake) of a live snail weighing ~540 mg. The 
resistance directly responded to the movement of the snail on top of the electronic skin. This real-time 
monitoring capability can also be used to monitor human motion, for example finger-bending motion 
(Figure 2.11d). The relative resistance decreases in response to changes in finger bending, and 










Figure 2.11. Sensing of spatial pressure distribution and real-time monitoring of tactile signals. (a) 
Schematic of the 10×10 sensor arrays, which consist of interlocked microdome arrays sandwiched 
between platinum electrodes and PDMS cover layers. (b) Spatial pressure-mapping capability of the 
10×10 sensor arrays. The spatial pressure distribution is applied using PDMS weights that are shaped 
as the letters “F”, “N” and “L”. (c) Real-time monitoring of the change in resistance for snail movements 
(climb, crawl, descend and head shake) on the surface of the electronic skins. (d) The change in 
















The analysis of human-breathing patterns provides a non-invasive and repeatable monitoring 
technology that can be used in a variety of healthcare applications.111 Traditionally, thermal flow sensors 
have been used to study human breath for the purpose of screening for cardiovascular diseases112 or to 
monitor sleep apnea-hyponea syndrome.113 However, these sensors consume a large amount of power 
(> 0.11 W) and are therefore not suitable for integration into flexible electronic skins. The ability to 
sensitively detect applied pressure makes our sensors well suited to monitoring breathing rates. As 
schematically shown in Figure 2.12a, gas flow on the electronic skin’s surface can impart normal 
pressures that deform the interlocked microdome arrays and cause a decrease in resistance. This change 
in electrical resistance (Roff  Ron) of the interlocked microdome arrays increases linearly with an 
increase in gas-flow rate (16 m/s); the slope indicates flow sensitivity (R/m/s) of 1280 /m/s (Figure 
2.12a). Conversely, the planar composite films exhibit a flow sensitivity of only 13 /m/s. We explored 
the potential for using our electronic skin to monitor human breathing in an experiment in which the 
electronic skin was attached to the front of the nostrils of a volunteer and the amount of air exhaled was 
measured (Figure 2.12b). The periodic breathing generates reliable and stable changes in resistance. 
Each exhalation event results in an 80% change in resistance.  
For the analysis of oral breathing, we wrapped our electronic skins into a tube shape and monitored 
gas or breath flow (Figure 2.12c). The resistance of the tubular electronic skins increased linearly with 
the amount of air flowing through it, with a sensitivity of 2135 /m/s. This sensitivity is significantly 
higher than that of flow sensors previously reported for conductive composite microcantilevers (66 
/m/s),114 silicon microcantilevers (150~350 /m/s)115 and silicon nanowires (198 /m/s).116 For 
demonstration purposes, the tubular flow sensor was also integrated into a medical breathing mask to 
monitor oral breathing (Figure 2.12d). The sensor can monitor different breathing modes (deep and 
normal breathing) with consistent changes in resistance under repeated breathing. Because our sensors 
are based on cost-effective and simple designs, they could be well suited as breathing sensors in 







Figure 2.12. Monitoring of gas flow and human breathing. (a) Schematic of gas-flow sensing for planar-
type electronic skins (left) and changes in resistance (RoffRon) as a function of flow rate for planar 
electronic skins (right). (b) Left: A photograph of the planar-type flow sensors attached to the front of a 
volunteer’s nostrils. Right: relative changes in resistance in response to human breathing. (c) 
Photographs of a tubular-type flow sensor composed of rolled-up electronic skin inside a plastic tube 
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(upper left) and a schematic of a tubular-type gas flow sensor (bottom left). Right: relative changes in 
resistance as a function of flow rate. (d) Monitoring of human oral breathing. Left: photograph and 
schematic of tubular-type flow sensors integrated into the medical breathing mask for the monitoring 
of oral breathing. Right: relative changes in resistance for different oral breathing modes (deep and 




































As a final demonstration, we explored the potential use of our piezoresistive sensors for picking up 
vibrations, specifically those associated with speaking. Voice monitoring systems are critical for the 
clinical assessment of voice hyperfunction and disorders, as well as in electro-larynx devices.117 Voice 
monitoring is typically performed using accelerometer-based devices.117, 118 To test the ability of our 
electronic skins to pick up voice vibrations, we attached a coin-type vibration motor to the interlocked 
films and placed a vibrometer in contact with the film to measure the vibration intensity (Figure 2.13a). 
The relative resistance of our sensor shows a linear increase with vibration intensity and a sensitivity of 
~0.37/(m/s2), which is significantly higher than the sensitivity of 0.06/(m/s2) associated with planar 
composite films. For use in wearable voice-monitoring systems, the sensors can be attached to the skin 
of the neck to monitor the voice directly (Figure 2.12b). The sensors distinctly discriminate the different 
vibration patterns produced when the words “UNIST” and “Hi” are spoken. Further optimization of the 
sensor design in combination with radio frequency devices may enable wireless communication systems 









Figure 2.13. Vibration detection for wearable voice-monitoring systems. (a) Left: schematic of the 
vibration measurement. A coin-type vibration motor is used to generate vibration signals and a 
vibrometer is used to measure the vibration intensity. Right: relative changes in resistance (R/R0) as a 
function of vibration intensity. (b) Photograph of the electronic skin attached to a human neck for voice 
monitoring (right). Relative changes in resistance in response to different voices speaking ‘UNIST’ 













In conclusion, we have developed an electronic skin that consists of a CNT-composite-based 
elastomer film featuring interlocked microdome arrays, which lead to the giant tunneling 
piezoresistance and thus the high pressure sensitivity. The materials design and operational principles 
introduced here present a robust technology platform to further advance the sensitivity and response 
time of conventional composite elastomers for various sensor applications. We anticipate that other 
types of fillers and the geometry of microstructures could expand the current sensing capabilities to 
enable electronic skins with new functionalities. In addition, when integrated with other type of sensors 
and active electronic devices, the current platform could be a key component for the development of 
multifunctional electronic skin for applications in medical diagnostic tools and wearable human-health 
monitoring systems. Finally, the extreme resistance-switching behavior demonstrated here could enable 





Chapter 3. Piezoresistive composite elastomers with interlocked microdome 
arrays with multidirectional force capability 
 
3.1 Introduction 
Artificial electronic skins which mimic the sensing capabilities of biological skins have recently 
attracted much attention for a broad range of applications in wearable electronics, prosthetic limbs, 
robotics, remote surgery, and biomedical devices.4, 86 As an ideal model system for artificial electronic 
skins, human skin with various sensory receptors (mechanoreceptor, thermoreceptor, nociceptor, etc.) 
enables the perception of external stimuli like pressure, shear, strain, vibration, temperature, and pain. 
In particular, various mechanoreceptors such as the Merkel disk (MD), Meissner corpuscle (MC), 
Pacinian corpuscle (PC), and Ruffini ending (RE) distributed in the epidermis and dermis layers (see 
schematic illustration in Figure 3.1a) provide spatiotemporal recognition of the magnitude, location, 
and direction of contact forces, which is critically essential when a human manipulates an object.121 For 
example, the distribution of normal and shear tangential stresses while making contact with an object 
provides information on its shape and surface texture, friction between the skin and object, and the 
accidental slip.86 The strain pattern on the skin during finger movements is critical to the brain’s 
perception of the position of finger joints relative to the body.122 In addition to the magnitude of stress, 
the directional sensitivity to force is critical to maintaining the balance between normal and tangential 
fingertip forces, which enables the handling of irregular-shaped objects.123-126  
To fabricate electronic skins which mimic the tactile-sensing capability of human skin, diverse 
approaches based on various transduction modes, such as those employing resistive,11, 12, 72, 87, 89 
capacitive,18, 88, 90, 127 piezoelectric,34, 92 and triboelectric sensors,93, 128 have been suggested. In particular, 
for the detection of various mechanical and environmental stimuli, multi-modal electronic skins have 
been demonstrated based on the integration of mechanical and physical sensors on flexible substrates,15, 
129-131 nanostructured conductive composites,132, 133 and organic transistor arrays.134 However, most of 
the previous studies either focused on the detection of only one type of mechanical stimuli or developed 
electronic skins that were not capable of discriminating multiple mechanical stimuli and their directions. 
There have been several reports on the detection and differentiation of normal and in-plane forces 
applied to electronic skins.19, 135-137 Pang et al. demonstrated the piezoresistive detection and 
differentiation of normal, tangential, and torsional forces using Pt-coated micropillar arrays.19 Gong et 
al. employed tissue papers impregnated with gold nanowires to enable the perception of pressure, 
bending, torsional forces, and acoustic vibrations.137 Stretchable electronic skins with multi-directional 
sensing capabilities have not yet been demonstrated, however. In addition, the low sensitivities of 
sensors in previous studies provided only small differences in transduced signals under different 
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external forces, which reduced the sensors’ capabilities to clearly resolve the intensity and direction of 
the forces. 
In human tactile systems, it has been reported that the intermediate ridges present at the epidermal–
dermal junction enhance the tactile perception of mechanoreceptors.52 Intermediate ridges with the 
geometry of interlocked microstructures (Figure. 3.1a) are known to provide strong adhesion between 
the epidermis and dermis. They also magnify and transduce the tactile stimuli from the skin surface to 
the mechanoreceptors by concentrating stress near the ridge tips, where mechanoreceptors like MDs 
and MCs are located.52, 86, 138 Although there are several recent reports on bio-inspired adhesion 
systems54, 139, 140 and electronic skins19, 45 which mimic the interlocked microstructures of beetles and 
dragonflies, multi-directional, stretchable electronic skins mimicking the interlocked microstructures in 
human skin have yet to be reported. We have previously reported piezoresistive electronic skins with 
interlocked microdome arrays for the ultrasensitive detection of normal pressure.45 In this study, 
inspired by the interlocked epidermaldermal ridges in human skin, we further explored the interlocked 
microdome arrays for stress-direction-sensitive and stretchable electronic skins which can detect 
directional mechanical stimuli applied along three different axes. We fabricated piezoresistive, 
interlocked microdome arrays, in which the interlocked geometry of dome-shaped conductive 
elastomers enabled stress concentration at the contact points, resulting in the exclusive deformation of 
microdomes and thus enhanced sensitivity of the piezoresistive response to various tactile stimuli. We 
also demonstrated that a fully functional wearable electronic skin with 3×3 sensor arrays can selectively 




3.2 Experimental Details 
Fabrication of elastic composite film with microdome arrays: For the fabrication of composite 
elastomers, MWNTs (Sigma Aldrich) with diameters of 110–190 nm and lengths of 5–9 µm were first 
dispersed in chloroform by sonication for 6 h. Using a vortex mixer, the dispersed solution was mixed 
with a PDMS base (Sylgard 184, Dow Corning) at different ratios (5–8 wt%) of MWNTs to PDMS, 
followed by heating at 90 °C on a hot plate to remove the chloroform. For the micromoulding process, 
hexane and a PDMS curing agent (1:10 ratio for the curing agent and PDMS base) were added to each 
MWNT–PDMS composite mixture (concentration of 500 mg ml–1) and then mixed with a vortex mixer 
for 5 min. These composite mixtures were cast onto silicon micromoulds with hexagonal hole arrays 
(diameter: 3.5 µm, pitch size: 6 µm) and stored in a vacuum desiccator for 1 h to remove the residual 
hexane. Finally, different microdome-patterned MWNT–PDMS composite films (thickness of 500 µm) 
were prepared by thermal curing at 60-80 °C (strain and curvature sensors: 60 °C, pressure and shear 
force sensors: 70°C) for 3 h. For the electronic-skin applications, the interlocked microdome-patterned 
films were coated with platinum on both sides by a sputter coating system (K575X, Quorum Emitech) 
to form electrode arrays.  
Characterization: The surface morphologies of the microdome composite films were characterized 
by a field-emission SEM (FE-SEM; S-4800, Hitachi) and an optical microscope (PSM-1000, Olympus). 
The piezoresistive properties of the electronic skins were measured using a two-probe method (4200-
SCS, Keithley) at 10 V. To apply mechanical forces on the electronic skins, a pushing tester (JIPT-100, 
Junil Tech) was used to provide normal forces and a tensile/bending machine (JIBT-200, Junil Tech) 
was used to provide lateral and bending strain. For the tangential-shear tactile-sensing measurements, 
a polyethylene terephthalate (PET) film was attached on one side of a composite film and one end of 
the PET film was connected to a force gauge in the tangential direction. A constant normal force was 
then applied on the electronic skin using a lab-built microstage system (Micro Motion Technology, 
Korea), after which a shear force was applied to the electronic skin. For the evaluation of the directional 
tactile-sensing properties, a flow meter (Ar gas, flow rate of 5.3 m s–1) and a vibrator (2.0 m s–2) were 
used to provide mechanical stimuli in different directions. 
Finite-Element Method: For the contact area calculations under stretching and shearing, we 
conducted structural analyses using finite-element method. Composite films with interlocked 
microdomes arrays were modeled as linear elastic materials described by experimentally measured 
elastic constants.45 We employed more than 2.8 million four-node linear tetragonal elements with 
adaptive mesh-refinement scheme around the contact area. All calculations were static under proper 
loading conditions and the mechanical contact between two deformable surfaces was calculated by a 
surface-to-surface contact scheme. 
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3.3 Results and Discussion 
Bio-inspired interlocked microdome arrays. The biomimetic design of the interlocked microdome 
arrays was based on carbon-nanotube (CNT) composite elastomer films with surface microstructures 
of hexagonal microdome arrays. The interlocked geometry was accomplished by engaging two 
microdome-patterned CNT composite films with the patterned sides contacting each other. Each 
elastomeric film with a microdome pattern was fabricated by casting a viscous solution containing 
multi-walled carbon nanotubes (MWNTs) and poly(dimethylsiloxane) (PDMS) onto a silicon 
micromould. Figure 3.1c shows a representative scanning-electron microscope (SEM) image of a 
microdome-patterned conductive film with microdomes measuring 3 μm in height and 4 μm in diameter, 
and an array pitch of 6 μm. The electronic skin was configured by interlocking two microdome 
composite films, with the microdomed surfaces facing each other (cross-sectional SEM image in Figure 
3.1d). When the interlocked microdome arrays were attached on human skin in the arm and wrist areas, 
it was possible to monitor the magnitude and direction of various mechanical stimuli (pressure, shear, 













Figure 3.1. Electronic skin based on carbon nanotube–poly(dimethylsiloxane) (CNT–PDMS) 
composite films with interlocked microdome arrays. (a) Schematic of human skin structure showing 
interlocked epidermal–dermal layers and mechanoreceptors (MD: Merkel disk; MC: Meissner 
corpuscle; PC: Pacinian corpuscle; RE: Ruffini ending). (b) Schematic of an interlocked microdome 
array. (c) Tilted SEM image of a composite film with microdome arrays (diameter: ~3 m; height: ~3.5 
m; pitch: 6 m). Scale bar: 5 μm. (d) Cross-sectional SEM image of an interlocked composite film. 
Scale bar: 5 μm. (e) Schematic of a stress-direction-sensitive electronic skin for the detection and 












Stretchable electronic skins. The perception of stretch in human skin is critical to the sense of 
position and movement of fingers, elbows, and knees.122, 141 The stretch-sensing mechanism of the 
interlocked microdome arrays was based on variations in the contact area between microdomes with 
changes in the stretch ratio. Figure 3.2a illustrates the variations in the contact (Rc) and film (Rf) 
resistances when the interlocked microdome arrays were stretched. The contact resistance (Rc) 
significantly increased with the decrease in contact area between the microdomes when the gaps 
between them increased under lateral strain. Compared to the large change in Rc, however, the 
stretching-induced change in Rf had a minimal effect on the change in overall resistance because the 
change of intertube distance within the composite film is small and thus results in the small change of 
Rf compared to the change of Rc. The small change of Rf is evident from the low gauge factor of planar 
films in Figure 3.2e. To elucidate the working principle of the interlocked microdome arrays behind 
their stretch-sensing capability, we investigated the deformation of the microdome array pattern as a 
function of lateral strain. As can be seen in the SEM images in Figure. 3.2b, the microdome arrays 
changed their geometry from hexagons to elongated hexagons in the stretching direction with increasing 
lateral strain, resulting in the decrease of contact pressure and increases in gap distances between the 
microdomes. These increased gap distances decreased the contact area between the interlocked 
microdomes, thus increasing the contact resistance of the interlocked microdome arrays. In order to 
verify the variations in contact area with the application of lateral strain, we performed finite-element 
simulations of the change in contact area in the interlocked microdome arrays. Figure 3.2c shows the 
changes in contact pressure at various contact points between interlocked microdome arrays with the 
increase of lateral strain. As the lateral strain increases, both the contact pressure and the number of 
contact points decrease. Consequently, the decreased contact pressure and the number of contact points 
results in the decrease of the contact area. The simulation result in Figure 3.2d shows that the inverse 
contact area increases exponentially with the increase of lateral strain. Since the inverse contact area is 
directly proportional to tunneling resistance between contact points,45 the electrical resistance 
interlocked microdome arrays increases exponentially as a function of lateral strain, as can be seen in 
Figure 3.2e. 
Based on a comparison of sensitivity as functions of CNT concentration and curing temperature 
(Figure 3.4), we chose a CNT concentration of 7 wt% and a curing temperature of 60 °C as the optimal 
conditions for the fabrication of stretchable electronic skins. In our previous report, the increase of CNT 
concentration above the electrical percolation threshold (6 wt%) resulted in the increase of tunnelling 
piezoresistance of interlocked microdome arrays, but also caused the increase of an elastic modulus of 
composite films.45 Therefore, 7 wt% e-skins with higher tunnelling piezoresistance than 6 wt% and 
larger stretchability than 8 wt% ones, results in the highest sensitivity to lateral stretch. E-skins cured 
at 60 °C showed the highest sensitivity because the decrease of curing temperature leads to the decrease 
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of elastic modulus and thus the increased deformability in response to mechanical stress. Figure 3.2e 
shows the change in relative (or normalized) electrical resistance (R/R0) as a function of applied lateral 
strain (L/L0) for the interlocked microdome arrays prepared under these conditions. Here, R0 and L0 
denote the resistance and length of an electronic skin with and without stretch, respectively. The relative 
resistance of the interlocked microdome arrays increased significantly with increasing lateral strain, 
while the planar composite films without interlocked structures showed minimal change in relative 
electrical resistance. For a quantitative analysis of the strain sensitivity of the electronic skins, the strain 
gauge factor (GF) is defined as GF = (R/R0)/, where  is the lateral strain and is defined as  = L/L0. 
The interlocked microdome arrays showed different GF values depending on the lateral strain: 27.8 at 
a strain of 0–40%, 1084 at a strain of 40–90%, and 9617 at a strain of 90–120%. These GF values are 
significantly (10–395 times) higher than the values for the planar films (2.7 at a strain of 0–110%), 
sandwiched Ag-nanowire composites (2–14 at 0–70%),142 three-dimensional macroporous graphene 
paper (7.1 at 0–100%),143 and ZnO–polystyrene nanofibre hybrid films (116 at 0–50%).144 Although GF 
values comparable to those of the interlocked microdome arrays have been reported for single-nanotube 
or single-nanowire sensors (600–1250 at a strain of 0–1.5%)145, 146 and woven graphene films (~103 at a 
strain of 0–6% ),147 their sensing ranges are narrow.  
In addition to the high GF values, the interlocked microdome arrays exhibited a narrow hysteresis 
curve for repeated stretch–release cycles (Figure 3.3). One of the additional advantages of our electronic 
skins with interlocked geometry is the fast response time. Generally, the bulk polymer composite films 
exhibit slow response owing to the viscoelastic behaviour of bulk polymers.148 On the other hand, the 
interlocked-microdome strain sensor operated mainly through the change in contact area between 
interlocking microdome arrays, overcoming the viscoelastic delay of bulk polymers. Figure 3.2f shows 
the short response (~18 ms) and relaxation (~10 ms) times of the interlocked microdome arrays under 
repeated strain cycles at 50% lateral strain and a stretching speed of 3 mm s–1, which are 3–4 times 
faster than those of planar composite films (response and relaxation times of ~58 ms and ~46 ms, 
respectively). The arrays’ response and relaxation times are comparable to those of ZnO-nanowire 
piezotronic strain sensors (~10 ms)145 and much shorter than values obtained for Sb-doped ZnO 











Figure 3.2. Lateral-stretch-sensing capability of electronic skins. (a) Schematic of the stretch-sensing 
mechanism of interlocked microdome arrays. (b) SEM images of microdome arrays showing the 
deformation of the array pattern from hexagons to elongated hexagons under different stretch ratios (0, 
30, 60, and 120%). Scale bar: 5 μm. (c) Finite-element analysis showing the contact pressure and the 
contact points between interlocked microdome arrays with the increase of uniaxial stretch. (d) FEA 
calculated results of the change of contact area (CA) between interlocked microdome arrays as a 
function of stretch. (e) Comparison of stretch-sensing capabilities of interlocked microdome arrays 
(black) and planar films (red). (f) Comparison of response and relaxation times of interlocked 
microdome arrays (black) and planar films (red) exposed to a stretching ratio of 50% and stretching 
speed of 3 mm s–1. The CNT concentration in the composite was 7 wt% and curing temperature was 




Figure 3.3. Change in piezoresistance of interlocked microdome arrays with lateral stretch for the 
loading and unloading cycles at 130% lateral strain. The interlocked microdome arrays were prepared 





Figure 3.4. Variation in resistance of the interlocked microdome arrays as a function of lateral stretch 
for (a) different CNT concentrations (6–8 wt%) and (b) different curing temperatures (60, 70, and 





Shear-force sensitivity. In addition to their stretch-sensing capability with high GF values, the 
capability of electronic skins to detect and differentiate normal and shear forces is critical in the 
perception of slip motion, force direction, and strength, as well as the dexterous manipulation of objects 
for applications in bionic hands, grippers, and tactile displays.150-153 Our sensor is ideal for the detection 
of shear stress because the interlocked geometry of microdome arrays provides a strong joint without 
slip and thus enables the concentration of shear stress at the contact spots. In addition, in our system, 
the changes in contact resistance were different in response to the normal and shear forces, leading to 
the differentiation between normal and shear stresses. To test the normal- and shear-force sensitivity, 
the samples were preloaded with a normal pressure to engage the upper and lower microdome arrays 
and subsequently subjected to a known value of shear force (Figure 3.5a). The applied normal force 
immediately induced the surface deformation of microdomes in the interlocked geometry, resulting in 
an increase in contact area and thus a decrease in contact resistance between the interlocked microdomes. 
Figure 3.5b shows that the interlocked microdome arrays exhibited a systematic and consistent decrease 
and increase in relative resistance when the applied normal pressure was reversibly varied from 100 Pa 
to 25 kPa. As demonstrated in our previous study,45 the high sensitivity to the normal force can be 
attributed to the significant change in tunnelling piezoresistance at the contact spots between the 
interlocked microdome arrays.  
The subsequent application of a shear force resulted in the microdome deformation in the lateral 
direction, which led to a further increase in contact area between the microdomes and decrease in 
contact resistance. Figure 3.5c shows the change in relative resistance of interlocked microdome arrays 
as a function of shear force under a normal force (FN) of 58.8 kPa. For the quantitative analysis, we 
define a shear-force sensitivity (S) in the linear range for different normal pressure loadings as S = 
(ΔR/R0) / (ΔFS)), where R and FS are the resistance and applied shear force, respectively. The interlocked 
microdome arrays exhibited a shear-force sensitivity of 0.15 N1, which is approximately four times 
the sensitivity of a planar film. Because the normal pressure affected the initial contact area between 
the interlocked microdome arrays, the shear-force sensitivity could be manipulated by controlling the 
normal pressure to engage the microdome arrays. Figure 3.5d shows the change in relative resistance 
as a function of shear force for different loadings of normal pressure for electronic skins with 7 wt% 
CNTs. We observed that the shear-force sensitivity increased with a decrease in normal pressure. The 
largest sensitivity was 2.21 N1 for a normal pressure of 65 Pa, which is ~13 times the sensitivity 
(0.15 N–1) at a normal pressure of 58.8 kPa. This behaviour can be explained by the decreased initial 
contact area between microdome arrays at a lower normal pressure, providing the possibility to further 
increase the contact area by applying a shear force. Figure 3.6 shows the decrease and increase in the 
relative resistance of interlocked microdome arrays during pulling and retracting cycles under different 
shear forces, which also demonstrate their reliability. 
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In order to verify the variations in contact area with the application of normal and shear forces, we 
performed finite-element simulations of the change in contact area in the interlocked microdome arrays. 
The simulation results in Figure 3.5e indicate that the unique structure of interlocked microdome arrays 
leads to stress concentration and thus deformation of microdomes at the contact spots between spherical 
microdomes under normal pressure. The subsequent application of shear strain induces further 
deformation of microdomes at the contact spots, resulting in an increase in contact area. The contact 
area gradually increases with further increase in shear force, but more importantly, this increase in 
contact area depends on the normal pressure loadings. As can be seen in Figure. 3.5f, the change in the 
inverse contact area as a function of shear force is greatest for a normal pressure of 0.2 kPa. At higher 
values of normal pressure, the variation in inverse contact area decreases with increasing shear force. 
In addition to the normal force, our experiments showed that the shear-force sensitivity could be further 
manipulated by controlling the CNT concentration. As shown in Figure 3.7, the shear-force sensitivity 
increased with decreasing CNT concentration, with a sensitivity of 0.44 N1 for 5 wt% CNTs, which 










Figure 3.5. Normal- and shear-force-sensing capabilities of electronic skins. (a) Schematic of the 
deformation of interlocked microdomes during successive applications of normal and shear forces. (b) 
Relative electrical resistance of electronic skin sample as a function of normal force. (c) Comparison of 
shear-force sensitivities of interlocked microdomes (black) and planar (red) films under a normal 
pressure of 58.8 kPa. (d) Comparison of shear-force sensitivities of interlocked microdome arrays under 
different normal pressures. (e) Finite-element analysis (FEA) showing the deformation and local stress 
distribution of interlocked microdome arrays with increasing shear force at a normal pressure of 45 kPa. 
(f) Calculated FEA results of the inverse contact area as a function of shear force under different normal 





Figure 3.6. (a) Variation in normalized resistance for the pulling and retracting cycles under different 
shear forces (0.196, 0.392, 0.588 N). (b) Reliability of interlocked microdome composite films 





Figure 3.7. Change in relative resistance of interlocked microdome arrays as a function of shear force 







Differentiation of multiple mechanical stimuli. Since the interlocked geometry of the microdome 
arrays provided different deformation patterns specific to the type of mechanical stress, the interlocked 
microdome arrays were able to detect and differentiate multiple mechanical stimuli. To test their skin-
like sensing capabilities, we monitored the normal and shear forces through simple finger contact on 
the electronic skins attached on human skin. Figure 3.8a shows the change in relative electrical 
resistance with repeated application of normal forces of l kPa and then shear forces. The electronic skin 
showed different signal intensities and patterns for different types of mechanical stimulus. While a 
finger touching the electronic skin in the normal direction (FN) resulted in an immediate decrease in 
relative resistance, a finger touching the electronic skin in the shear direction, which contained both 
normal and shear forces (FN + FS), resulted in additional decreases in the relative electrical resistance. 
It is worth noting that the patterns of decrease in relative resistance resulting from FN and FS were 
different, therefore allowing the differentiation between normal and shear forces.  
Figure 3.8b–d show that the electronic skin attached on the front of a human wrist could detect and 
differentiate different types of wrist movements such as forward bending (FFB), backward bending (FBB), 
and torsion (FT). In this experiment, we utilized a curing temperature of 60 °C since we observed that 
a lower curing temperature resulted in higher bending sensitivity (Figure 3.9). When the electronic skin 
was bent forward (FFB), the relative electrical resistance increased (Figure 3.8b); a gradual increase in 
forward bending resulted in the gradual increase in relative resistance. On the other hand, the relative 
electrical resistance decreased under backward bending (Figure. 3.8c), while the twisting of the wrist 
(FT) resulted in an increase in electrical resistance. In particular, twisting also generated oscillating 
signals resulting from the repeated contact-on/contact-off behaviour during the twisting. These different 
signal patterns in response to different mechanical stimuli are attributed to the unique interlocked 
geometry of microdome arrays, which, depending on the direction of mechanical stress, could result in 
distinct variations in contact area. During forward bending, the gap between the neighbouring 
microdome arrays increased because the upper microdome layer tends to detach from lower microdome 
layer due to the strain mismatch between the upper (under tension) and lower (under compression) 
microdome arrays, leading to an increase in relative resistance. Backward bending decreased the 
electrical resistance because the lower microdome layer is sandwiched between the human skin and the 
upper microdome layer, resulting in the decreased gaps between adjacent microdome arrays.  
Figures 3.8e–j show that the different deformation patterns of interlocked microdome arrays 
depending on the type of mechanical stress result in the differentiation of multiple mechanical stimuli. 
Here, each of the electrical signal under different mechanical stimuli provide a unique output pattern 
specific to the type of mechanical input, leading to the differentiation of multiple mechanical stimuli. 
This capability is facilitated by the tactile-direction-sensitive deformation of interlocked microdome 
arrays, which results in the different magnitudes of deformations and response/relaxation times. As can 
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be seen in Figures 3.8e-j, the relative resistances decrease for pressure, shear, and backward bending 
forces and increase for stretch, forward bending, and torsional forces. In particular, the pattern of 
resistance variation can be differentiated by the different magnitude, shape, and response/relaxation 
times. In addition, the torsional force generates unique oscillation patterns in the resistance variation, 
which can be attributed to the repeated contact area variation during the continuous twisting of regular 
microdome arrays. Although the basic principle of differentiating various tactile stimuli in our e-skin is 
different from that of human skin with various mechanoreceptors, the results in this study also suggest 
that the interlocked microstructures of human skin may have profound effects on the differentiation of 
various tactile signals. In the future, mimicking the mechanoreceptors in epidermis and dermis layers 
of human skin in addition to the interlocked microstructures may enable e-skins with realistic human-









Figure 3.8. Stress-direction-sensitive electronic skins for the detection and differentiation of multiple 
mechanical stimuli. (a) Real-time monitoring of changes in the relative resistance of interlocked 
microdome arrays subjected to different normal and shear forces. (b–d) Change in relative electrical 
resistance of an electronic skin attached on the front of a human wrist under different types of wrist  
movements: (b) forward bending; (c) backward bending; (d) torsion. The electronic skin showed 
different signal patterns in response to different wrist movements. (e–j) Change in relative electrical 
resistance of electronic skins in response to different mechanical stimuli: (e) normal force; (f) shear 





Figure 3.9. (a) Photographic images of bending tests of electronic skins with interlocked microdome 
arrays. (b) Variation in relative resistance of interlocked microdome arrays as a function of radius of 
curvature for electronic skins with different CNT concentrations (6–8 wt%) and cured at 80 °C. (c) 
Variation in relative resistance of interlocked microdome arrays as a function of radius of curvature 


















Wearable electronic skins with stress-direction sensitivity. For the proof-of-concept wearable 
electronic skins to resolve the spatial distribution and the directions of applied external stimuli such as 
touch, flow, and vibration, we fabricated 3 × 3 pixel arrays of electronic skin sandwiched between cross 
arrays of platinum electrodes (Figure 3.10a). When we touched two different pixels (R1-C3 and R3-C1 
in Figure 3.10b) on the electronic skin, it could provide spatially resolved mapping of the touch 
positions. The high sensitivity of each pixel on the electronic skin could also provide the ability to 
resolve gradual changes in mechanical stimuli, therefore enabling the detection of the direction of 
mechanical stress. Figure 3.10c shows that depending on the finger-pushing directions (left, right, up, 
and down), the electronic skin exhibited different spatially resolvable patterns, indicating the perception 
of the intensity and direction of tactile stimuli. Figure 3.10d also demonstrates the directional sensing 
capability of the electronic skin, where fluid flows in different directions (left, right, and diagonal) could 
be clearly resolved by the signal patterns. The sensitivity to gradual changes and directions of external 
stimuli was also verified by applying a vibrational stimulus on the electronic skin. Figure 3.10e shows 
the application of radial vibration on one pixel located at the corner (R1-C1) of the electronic skin and 
the resulting spatial mapping of the vibrational stimulus. Owing to vibrational damping, the change in 
relative resistance gradually decreased as the pixel location was farther away from the original pixel at 





Figure 3.10. Stress-direction-sensitive electronic skins for directional sensing of mechanical stimuli 
applied in three axial directions. (a) Schematic of sensor arrays, where interlocked microdome arrays 
are sandwiched between the electrodes and PDMS protection layers. (b) Spatial pressure mapping 
capability of electronic skin for the detection of finger touch on two different pixels (R1-C3, R3-C1). 
(c) Detection of different finger-pushing directions: left (L), right (R), up (U), down (D). (d) Detection 
of different directions of fluid flow (left, right, diagonal). (e) Detection of the location of applied 








In summary, we have demonstrated stress-direction-sensitive and stretchable electronic skins with 
three-axial stress-sensing capabilities. We employed piezoresistive, interlocked microdome arrays 
which were inspired by the interlocked epidermal–dermal layers in human skin. Similar to the stress 
concentrating function of interlocked epidermal-dermal ridges which magnify the tactile stimuli, the 
arrays could induce exclusive stress concentration at the contact spot and thus deformation of the 
microdomes, resulting in enhanced sensitivity of the piezoresistive response to stress. In particular, the 
unique geometry of the interlocked microdome arrays led to different deformation patterns which 
depend on the type and direction of mechanical stress, enabling detection and differentiation of various 
mechanical stimuli including normal, shear, stretch, bending, and twisting forces. Owing to the 
direction-sensitive tactile-sensing properties, various electronic skins attached on human skin were 
successfully employed to monitor different intensities and directions of finger touches, air flows, and 
vibrations. Because our design is the simplified version of complicated human skin, where papillary 
ridges, location of mechanoreceptors, the elastic moduli of layers, and the shape and size of intermediate 
ridges are all closely related to each other to efficiently transduce and magnify tactile stimuli, we expect 
that the interlocked geometry can be further explored to develop bio-inspired electronic skins with 
human-skin-like tactile-sensing capabilities. Finally, we anticipate that our stretchable electronic skins 
with multi-directional stress-sensing capabilities can find applications in robotic skins, prosthetic limbs, 





Chapter 4. Microstructure engineering of multidirectional electronic skins 
for tailoring force sensitivity and selectivity 
 
4.1 Introduction 
Recently, a large number of electronic skins with capabilities of detecting physical/chemical stimuli 
have been reported for applications in robotics, wearable electronics, and healthcare monitoring 
devices.130, 154-160 Owing to their wearable or body-attachable features, many types of e-skins have been 
actively utilized as innovative tools for monitoring radial and carotid blood pressure,154, 155 and 
electrophysiological signals156, 157 and for oximetry158 as well as drug delivery.130 For accurate and 
reliable monitoring of those signals, e-skins with enhanced sensitivity, selectivity, response time, and 
mechanical durability are required. In accordance with these demands, e-skins with various bio-inspired 
micro/nanostructures (e.g., interlocking, hierarchical, crack, whisker, and fingerprint) and 2D or 3D 
shapes (e.g., serpentine, wrinkle, pyramid, dome, and porous) have been reported aiming to obtain high-
performance and multifunctional e-skins.161 In particular, owing to their effective geometrical 
advantages, regular arrays having various microstructures (e.g., hemisphere, pyramid, and pillar) have 
been used to improve the performance of e-skins based on different operation modes (e.g., resistive, 
capacitive, piezoelectric, and triboelectric). Specifically, dome- or hemisphere-shaped microstructures 
have been reported to induce a large change in contact area and localized stress concentration, which 
are advantageous for fabricating high-performance piezoresistive sensors162 and triggering a large 
amount of triboelectric charge163 and a high piezopotential in the piezoelectric devices.35 On the other 
hand, a large variation in local strain and compressibility of pyramid-shaped microstructures enhance 
force sensitivity and expand the dynamic sensing range of e-skins.44, 88, 164 Inspired by the hierarchical 
structures in nature, such as insect legs, gecko foots, and beetle wings, pillar-shaped microstructures 
have been reported to provide selective and directional force-sensing properties as well as stress-
confinement effects.19, 165-167 In addition, the strong adhesion properties of pillar structures provide a 
new possibility for skin-attachable and wearable healthcare devices.154 
Considering these geometrical effects of microstructure arrays on the performance of e-skins, 
previously, geometrical parameters such as shape, size, and space of microstructure arrays have been 
controlled to enhance the mechanical sensitivity and operation range of piezoresistive168 and capacitive 
e-skins164 and the power generation of self-powered e-skins.19, 93, 165, 166, 169, 170 Since the geometrical 
shape of microstructure significantly affects the contact area and localized stress of microstructure under 
pressure, several attempts to find the relationship between the shape of microstructure and the 
sensitivity of various e-skins have been performed. For example, Wang et al. controlled the surface of 
triboelectric sensors with different shapes of microstructure.93 Kim et al. Investigated the structural 
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shape effect on the formation of piezoelectric potential to optimize sensor performances.170 Yang et al. 
studied the dependence of interfacial shape of microstructures (cuboid, cylinder, and pyramid) on the 
sensitivity of capacitive sensors.171 Although previous e-skins having different microstructures have 
successfully shown improved tactile sensing performances, specific to some of desired applications, 
there have been no systematic studies of the effects of microstructure geometry on force-induced 
microstructure-deformation and the resulting force sensitivity and selectivity in response to 
multidirectional mechanical stimuli. In particular, the sensing performance of piezoresistive e-skins 
with microstructure arrays critically depends on the localized stress distribution of microstructures and 
the resulting contact area change when external mechanical forces are applied in different directions. 
Although the interlocked microdome structures have been reported to exhibit high pressure sensitivity,45, 
46 in-depth investigation of the effects of microstructures on the multidirectional sensing performances 
has not been done. A systematic and in-depth analysis of geometrical effects on sensing performance is 
important to enable the design of tunable e-skins having high force sensitivity and selectivity, which 
can be customized for diverse applications.  
In this study, multidirectional force sensitive e-skins are shown to possess customizable force 
sensitivity and selectivity by controlling the specific microstructure geometry. To investigate the 
underlying relationship between microstructure geometry and force sensing capability, three kinds of 
piezoresistive sensors were fabricated based on carbon nanotube/elastomer composites having different 
surface microstructures (e.g., dome, pyramid, and pillar). To facilitate comparison of the geometrical 
shape effect on the stress sensing properties, an interlocked geometry of the different microstructure 
arrays was employed. This has been reported to enhance the variation in contact area and localized 
stress in the microstructures, thereby improving the stress sensitivity and multidirectional force sensing 
capabilities of e-skins.43, 45, 46, 172 For the fundamental understanding of the sensing mechanisms, 
experimental piezoresistive properties were compared to the finite-element simulation of contact-area 
change and the localized stress distribution of microstructured e-skins. It was found that piezoresistive 
e-skins having different microstructures exhibit distinct force sensitivity and selectivity mainly due to 
the specific variation in contact area, which depended on the geometrical shape of the microstructures, 
in response to multidirectional forces (e.g., normal, shear, tensile, and bending). As a result, microdome 
structures presented the best force sensitivities for normal, tensile, and bending stresses. On the other 
hand, for shear stress, micropillar structures exhibited the highest sensitivity. As proof-of-concept 
demonstrations for potential applications in wearable healthcare devices, highly sensitive pressure 






4.2 Experimental Details 
Fabrication of Conductive Composites with Interlocked Microstructures: The synthesis o
f conductive composites was initiated by dispersion (5 mg/ml) of multi-walled carbon nanotub
es (Sigma-Aldrich, 110–190 nm diameter and 5–9 µm length) in chloroform (Samchun, Kore
a). After 6 h of sonication, well-dispersed MWNTs solution was mixed with PDMS base (Syl
gard 184, Dow Corning) with an 8 wt% ratio of MWNTs to PDMS. Subsequently, the MWN
T/PDMS solution was mixed with a vortex and dried at 90 °C for 12 h, in order to complet
ely evaporate the chloroform. Prior to the micromolding process, the MWNT/PDMS precursor 
was combined with a curing agent (PDMS base: curing agent 10:1) and hexane (1 ml per 0.
5 g of PDMS) was added for reducing the viscosity of the dried precursor. The prepared M
WNT/PDMS composite solution was poured into silicon molds with different micropatterns (i.
e., dome, pyramid, and micropillar), followed by air bubble removal and thermal treatment at 
90 °C for 4 h, resulting in the preparation of micropatterned MWNT/PDMS composite films.  
Silicon molds with micropattern arrays were fabricated via photolithography and etching processes. 
For manufacturing microdome- and micropillar-patterned PDMS molds, hexagonally patterned 
photomasks (diameter and pitch: 3 µm and 15 µm for the microdome structure and 10 µm and 15 µm 
for the micropillar structure, respectively) and a positive photoresist (PR, AZ 5214E) were used for 
photolithography (mask aligner, MA/BA-6-8, Succ Microtec) on bare silicon wafers. To conduct the 
dry-etching process, a reverse patterning process was performed by deposition of a 50 nm-thick chrome 
layer using the thermal evaporation technique and lift-off process of PR using acetone. The chrome 
layer acted as a hard mask during the dry-etching process. Each chrome-patterned silicon wafer was 
isotropically or anisotropically etched via reactive ion etching (RIE) or deep reactive ion etching (DRIE) 
processes, respectively. Finally, each silicon mold for fabricating microdome- and micropillar-patterned 
PDMS was prepared by removing the chrome layer through wet-etching and coating a self-assembled 
monolayer (SAM) on each silicon wafer to ease the PDMS-unmolding process. For the micropyramid-
patterned PDMS mold, negative PR (AZ nLOF 2035) was patterned on a SiO2/Si wafer (SiO2 layer 
thickness of 50 nm) via photolithography employing a hexagonally-patterned photomask with a 10 µm 
diameter and 15 µm pitch. The exposed SiO2 was then etched via a RIE process and PR was removed 
with acetone. The remaining SiO2 acted as a hard mask in the crystallographic wet-etching process of 
silicon, which was conducted by immersing it in 30 wt% potassium hydroxide for 10 min at 70 °C. 
Next, the SiO2 mask was completely removed by wet-etching using 4 % hydrofluoric acid. After SAM-
coating this silicon wafer, the fabrication process was completed. 
Characterizations: The geometrical information at the surface of micro-patterned composite films 
was obtained using field-emission SEM (FE-SEM; S-4800, Hitachi). Surface conductivity of the micro-
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patterned composites having different fabricating conditions was measured using the four-probe method 
with a semiconductor analyzer (4200-SCS, Keithley). In addition, the mechanical modulus of the 
composite films was obtained using a tensile strain tester (Universal Testing Machine, WL2100, 
WITHLAB Co., Korea) with a strain rate of 500 mm/min. 
Measurements of the Multifunctional Sensing Performances of the E-skins: To measure the 
electrical properties of the e-skins under mechanical forces, a copper electrode is attached uniformly 
onto the fabricated composite film with silver paste and then thermally annealed at 90 °C for 30 min to 
minimize the electrical loss at the composite–electrode interface. Next, both composite films were 
placed facing each other and connected to the electrical measurement systems. To measure the electrical 
property of e-skins in response to tensile and bending stress, copper electrodes are attached at the side 
of composite films and polyimide tapes were sued to fasten the electrode on the e-skins. The electrical 
properties of e-skins that depend on mechanical forces were measured using the two-probe method of 
the semiconductor analyzer (4200-SCS, Keithley) with an applied voltage of 1–5 V. To precisely apply 
the mechanical forces, a pushing tester (JIPT-100, Junil Tech) was used for normal pressure, and a 
tensile/bending test machine (JIPT-200, Junil Tech) was used to apply stretching/bending forces. Shear 
force was applied with a microstage system (Micro Motion Technology, Korea). In order to evaluate 
the capability of sound detection, e-skins were exposed to acoustic waves with a 100 Hz frequency from 
a speaker (SMS-A490, Samsung) at a constant distance of 1 cm and then electrical resistance signals 
were collected. For the healthcare signal detection, 1 cm2 e-skins were covered with polyimide film and 
bandaged onto the wrist, neck, and below nose, and the change in electrical signals was recorded to 
monitor artery and carotid pulse pressures and human breath. To show the possibility of integration with 
commercially available chip, e-skin was connected to the commercial chip (STM32F030C6T6, 
STMicroelectronics) and signals are detected by oscilloscope (DPO2022B, Tektronix). 
Finite-Element Method: In order to calculate the contact area and localized stress of microstructured 
e-skins, structural analysis was conducted using finite–element simulations. Linear elastic materials 
with experimentally measured mechanical properties followed composite models with different 
microstructures. For the basic model for numerical analysis of contact area, more than 0.5 million linear 
tetrahedral and wedge elements (element size: 0.2 (Min.) and 2 (Max.)) with an adaptive mesh-
refinement scheme were employed. Each element in case of interlocked microdome, micropyramid, and 
micropillar has element/volume ratio of 31.8, 55.4, 73.0 and average aspect ratio of 1.54, 1.57, 1.56, 
respectively. Multidirectional loading conditions were modulated by displacement controls and 
converted to the corresponding normal, shear, tensile, and bending forces forms. Based on the surface-
to-surface contact scheme between two deformable bodies, mechanical contact, localized stress, and 
thickness of the composite can be obtained under proper loading conditions. 
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4.3 Results and Discussion 
Electronic Skins having Interlocked Microstructures and Different Geometries. Figure 4.1a 
shows a schematic representation of a piezoresistive e-skin constituting multi-walled carbon 
nanotubes/polydimethylsiloxane (MWNT/PDMS) composite films having interlocked microstructure 
arrays. In this case, the piezoresistive properties of the e-skin depend mainly on the bulk film resistance 
(RF) and the contact resistance (RC) between the two neighboring microstructures of conductive 
composite films (Figure 4.1b). While the piezoresistance of conventional e-skins constituting a planar 
composite film is affected predominantly by the RF change, the piezoresistance of the interlocked 
microstructures is dominated by variations in RC. For conductive composites, the piezoresistance is 
affected mainly by the tunneling resistance.94, 95 Similarly, in the interlocked MWNT/PDMS composite 
films of the present work, contact resistance is dominated by the tunneling resistance (RT) between 
microstructured composite films, which is inversely proportional to the variation in contact area 
according to the equation RT = (V/J) × (1/ACNT), where V is the applied voltage, J is the current density, 
and ACNT is the electrical contact area between MWNTs, which is in turn proportional to the physical 
contact area (AC) between interlocked microstructures.45 Therefore, the contact-area change critically 
affects contact resistance. In addition, the tunneling current (J) through a thin PDMS insulating layer at 
the interface of interlocked microstructures exponentially increases with decreasing insulating layer 
thickness (TPDMS).173 As schematically shown in Figure 4.1c, the pressure sensing mechanism can be 
explained as follows. When an external pressure is applied on interlocked microdomes, stress 
accumulates at the tips of dome structures, and this concentrated stress can easily deform the 
microdomes and thus increase AC between interlocked microstructures and decrease TPDMS of the PDMS 
insulating layer between CNTs. These changes in contact area and barrier thickness significantly affect 
the tunneling currents through the thin PDMS insulating layer, causing a drastic increase in relative-
current change as a response to pressure loading. 
To investigate the effects of microstructure shape on piezoresistance, e-skins having three different 
surface morphologies (i.e., dome, pyramid, and pillar) were fabricated using the micromolding process 
(Figures 4.1d and e). For this process, silicon replica molds with different micropattern arrays were 
produced via photolithography and etching processes (the detailed methodology is in the Experimental 
details). The fabricated microstructures had equal feature sizes; 10 µm diameter, 15 µm pitch, and 6 µm 
height (Scanning electron microscope (SEM) images in Figure 4.1e). For interlocked composite 
microstructures, high surface conductivity is preferred for enhancing pressure sensitivity due to the 
drastic RC change with changing contact area under proper loading pressure.45 In this study, interlocked 
composite microstructures having 8 wt% CNTs were utilized. For the different microstructure 




Figure 4.1. Piezoresistive e-skins with interlocked microstructures having different surface 
morphologies. (a) Schematic illustration of the main structure of the e-skins with interlocked 
microstructures. (b) Schematic showing the bulk film resistance (RF) and the contact resistance (RC) 
between the two neighboring microstructured films. (c) Pressure-sensing mechanism of piezoresistive 
e-skins having interlocked microstructures. (d) Schematic illustration of conductive composites with 
different microstructured arrays. (e) Top and tilted (inset) SEM images of the microstructured 


























Pressure-Sensing Capability of Single Microstructured E-skins. Before discussing the structural 
effect of piezoresistance on interlocked CNT/PDMS composite microstructures, the pressure-sensing 
properties of single-sided composite films having different surface microstructures was investigated. 
Single-sided microstructured films have been widely employed to enhance the performance of flexible 
pressure sensors44, 162, 165, 174 and triboelectric generators.93, 163 For pressure-sensitive piezoresistance, a 
flat indium tin oxide (ITO) film was used as the top electrode on the surface of micropatterned 
composite films (Figure 4.3a). In this case, the output current depends on the RF of the bulk film and 
the RC between the microstructure and electrode. The relative electrical current change (ΔI/I0) as a 
function of normal pressure applied on top of the ITO electrode increased with increasing applied 
pressure (Figure 4.3b). The ΔI/I0 values of single microstructured films increased as a function of 
pressure more rapidly in comparison to that of single planar structure. For quantitative analysis, the 
pressure sensitivity (S) can be calculated using the equation S = (ΔI/I0)/ΔP, where I0 is the initial current, 
ΔI is the change in current after pressure loading, and ΔP is the change in normal pressure. The linear 
pressure sensitivity exhibited different values depending on the microstructure shape (18.3, 12.6, and 
5.3 kPa−1 for microdome, micropyramid, and micropillar structures, respectively), all of which were 
much higher than that of a planar structure (0.5 kPa−1) in the low-pressure range (<1 kPa) (Figures 4.3b 
and 4.4a). As will be discussed later, the enhanced sensitivity of microstructured films, compared to the 
planar one, can be attributed to stress concentration at the small contact spot between the microstructure 
and ITO electrode, which resulted in an increase in contact area and decrease in PDMS barrier thickness, 
thereby increasing the tunneling current between the microstructure and electrode. For the planar 
structure, the external pressure mainly induced a change in inter-tube distance within the bulk composite 
film without affecting the contact area much, resulting in the lower pressure sensitivity than those of 
microstructures. Compared to the low pressure range, in the medium pressure range (110 kPa), the 
pressure sensitivity decreased: 10.3, 3.3, 0.4, and 0.2 kPa−1 for microdome, micropyramid, micropillar, 
and planar structures, respectively (Figures 4.3b and 4.4b), but the effect of microstructure on the 
sensitivity did not change; sensitivity showed the same tendency as that in the low-pressure range 
(microdome  micropyramid  micropillar  planar). 
To further understand the piezoresistance of single-sided composite microstructures, finite-element 
simulations of contact-area variation of the microstructures under normal pressure were performed. 
When a pressure of 10 kPa was applied on the composite films, microdome and micropyramid structures 
exhibited a local stress-concentration at the small contact spots, which was not observed for micropillar 
structures that do not have those small contact spots (Figure 4.3c). In addition to the local stress-
accumulation, the applied pressure induced a contact-area change, where dome and pyramid structures 
exhibited a significantly larger change than planar structures (Figure 4.3d). As compared to pillar 
structures, the significantly smaller initial contact area of dome and pyramid structures under zero 
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pressure led to a greater change in contact area under mechanical pressure (Figure 4.5), which resulted 
in a drastic increase in output current (Figure 4.6). In addition to the contact area, the concentrated stress 
can decrease the thickness of the PDMS dielectric barrier between the CNT and electrode, which is 
known to induce an exponential increase in tunneling current.173 The change of microstructure thickness 
in response to pressure (Figure 4.7) implies that the barrier thickness decreases with increasing pressure. 
These changes in contact area and barrier thickness significantly increased the tunneling currents 
through the interface between the electrode and CNT composite as a response to pressure loading.  
 
 
Figure 4.3. Pressure-sensing capability of single microstructured e-skins. (a) Schematic illustration of 
the pressure-sensing principle of single microstructured e-skins with different surface morphologies. (b) 
Relative current changes in response to normal pressure. (c) Finite-element analysis (FEA) of localized 
stress distributions in response to pressure for different surface microstructure arrays (top layer: ITO, 
bottom layer: MWNT/PDMS composite). (d) Calculated relative contact-area changes in response to 





Figure 4.4. Pressure sensitivity of e-skins with single microstructure arrays at (a) low pressure range 





Figure 4.5. (a) Simulated results for variation in contact area of e-skins with single microstructure 
arrays as a function of mechanical pressure. (b-c) Magnified graphs of contact area change for e-skins 





Figure 4.6. Electrical current changes of single microstructured e-skins with different microstructure 





Figure 4.7. (a) Simulated result showing the stress distribution and the thickness change of 
microstructure under pressure. (b) Simulated result for relative variation in thickness of microstructures 
under loading pressure.   
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Pressure-Sensing Capability of Interlocked Microstructured E-skins. Considering the pressure-
sensing capabilities of single-sided microstructured composites, interlocked composites having double 
microstructured surfaces are expected to further enhance pressure sensitivity owing to larger pressure-
induced deformation of interlocked microstructures. Figure 4.8a shows the change in output current of 
CNT/PDMS composites having planar and interlocked microstructures under normal pressure. The 
interlocked composites with microdome, micropyramid, and micropillar arrays exhibited abrupt 
increases in current on application of a pressure up to 26 kPa, corresponding to ΔI/I0 values of 
approximately 1.38 × 106, 4.05 × 105, and 3.91 × 103, respectively, which are significantly higher than 
those of single microstructured films (ΔI/I0 < 130). This behavior can be attributed mainly to the larger 
initial thickness of the insulating layer for interlocked microstructures, which resulted in a significantly 
lower initial current at the low-pressure range (Figure 4.9) and thus higher ΔI/I0 values compared to 
single microstructured films (Figure 4.6). It is worth noting that the interlocked microdome structures 
exhibited the largest change in current in response to pressure and the lowest minimum detection level 
(0.09 Pa, corresponding to air flow of 1 m/s on 1.5 × 1.5 cm2 of sensor) compared to the other 
microstructures, indicating the critical role of inter-microdome contacts on the enhanced piezoresistance 
(Figure 4.10). To show the possibility of integration with commercially available chip, e-skin was 
connected to the commercial chip and was detectable signals on application of pressure (Figure 4.11). 
To understand the different trend on ΔI/I0 variations depending on microstructure shapes, finite-element 
simulations of contact-area change under normal pressure were performed. Figure 4.8c indicates that 
the microdome structure exhibited the largest increase in relative contact area (A/A0) as compared to 
micropyramid and micropillar arrays (the absolute values are shown in Supplementary Figure 4.12), 
supporting the shape-dependent trend of ΔI/I0 variations in Figure 4.8a. This simulation result indicates 
that the rate of contact-area change with respect to pressure decreased in the following order: dome > 
pyramid > pillar, which is the same tendency as that for single-sided microstructured films.  
To elucidate the sensing performances of interlocked microstructure e-skins, pressure sensitivity was 
analyzed (Figure 4.8b and Figure 4.13). All of the e-skins having interlocked microdome, micropyramid, 
and micropillar structures exhibited great pressure sensitivity: 47,062 kPa−1, 4,569 kPa−1, and 2,733 
kPa−1 in the low-pressure range (<1 kPa); 90,657 kPa−1, 21,308 kPa−1, and 85 kPa−1 in the medium-
pressure range (1–10 kPa); and 30,214 kPa−1, 12,219 kPa−1, and 29 kPa−1 in the high-pressure range 
(>10 kPa), respectively. Compared to the planar structure, these microstructures exhibited extremely 
high pressure sensitivity and a wide dynamic pressure range before saturation. This can be attributed to 
the larger change in contact area (Figure 4.8c) and insulating layer thickness (Figure 4.14) at the 
interface of interlocked microstructures. Since the tunneling current of interlocked microstructures 
primarily depends on variations of contact area and insulating layer thickness, it is worth to compare 
the theoretical calculation of tunneling current with the experimental one to further understand the 
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working mechanism of piezoresistive interlocked microstructures. The experimental tunneling 
resistance can be extracted by using the relation RT = R – RF – RCR, where R is the total resistance of 
interlocked composite film, RF is the bulk composite film resistance, and RCR is the constriction 
resistance. RCR can be neglected in our system due to the comparable size between the diameter of 
MWNTs and intertube contact area.94 The theoretical tunneling resistance (RT = (V/J) × (1/ACNT)) can 
be estimated by calculating the tunneling current density (J) according to Simmons model105 and the 
actual electrical contact area (ACNT). Figure 4.8e exhibits theoretical tunneling current of different 
microstructures, which are fitted to experimental tunneling current. The theoretical and experimental 
results match well, which support that variations of contact area and insulating layer thickness 
significantly affect the tunneling current and thus the pressure sensitivity.  
In particular, the interlocked microdome structures exhibited remarkable sensitivities over broad 
pressure ranges, which are much better than those of previously reported e-skins (Table 4.1). It is also 
worth noting that there is a critical difference in sensitivity values depending on whether the sensitivity 
is expressed in terms of either current (S = (ΔI/I0)/ΔP) or resistance (S = (ΔR/R0)/ΔP). In the e-skin 
system with a drastic variation in electrical response reported in the present study, the sensitivity 
expressed in terms of current is more adequate for the precise analysis of sensitivity because the relative 
resistance change becomes 1 (ΔR = R − R0 ≈ R0 and ΔR/R0 ≈ 1) and thus underestimates the sensitivity 




Figure 4.8. Pressure-sensing capability of interlocked microstructured e-skins. (a) Relative current 
changes of interlocked e-skins having different microstructures as a function of applied pressure. The 
magnified graph to the right shows the relative current changes of micropillar and planar structures. (b) 
Pressure sensitivity of e-skins for low (<1 kPa), medium (1–10 kPa), and high (>10 kPa) pressure ranges. 
(c) Calculated contact area variations of e-skins with interlocked microstructure arrays in response to 
applied pressure. (d) FEA showing the localized stress distribution of interlocked microstructure arrays 
for the applied pressure of 10 kPa. (e) Experimental tunneling current of e-skins with interlocked 




Figure 4.9. (a) Piezoresistive current changes of e-skins with interlocked microstructures in response 





Figure 4.10. Minimum pressure detection of e-skin with interlocked microdome. (a) Relative current 
change of e-skin with interlocked microdome in response to nitrogen (N2) gas with different gas flow 
rate from 1 to 20 m/s. Inset photograph shows the weight of air flow with a flow rate of 1 m/s which is 
correspond to about 0.09 Pa for sensor size of 1.5 × 1.5 cm2. (b) Relative current changes of e-skin with 




Figure 4.11. Pressure sensing performance of e-skin with interlocked microdome by integrating with a 
commercial chip. (a) Photograph of a pressure sensing measurement system with an e-skin integrated 






Figure 4.12. Simulated result of contact area variations of the interlocked microstructured e-skins in 





































Figure 4.13. Pressure sensitivities of e-skins with (a) planar structure and (b-d) interlocked 
microstructures under different normal pressure ranges of (b) < 1 kPa, (c) 1 kPa ~ 10 kPa, and (d) 10 




Figure 4.14. Relative changes in thickness of microstructure with different shapes (left) and localized 
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Applications of pressure-sensitive e-skins in robotics and healthcare devices require fast response 
time and repeated usability. Figure 4.15a shows the response time of interlocked composites having 
different microstructures upon loading and unloading of a 10 kPa pressure. The response time of 
interlocked composites with microdome, micropyramid, and micropillar arrays were 12, 162, and 160 
ms, respectively, which were significantly faster than that of planar composite films (420 ms). The slow 
piezoresistive response time of planar composites can be attributed to the viscoelastic properties of 
PDMS, which induces a time delay for bulk film deformation in response to stress. On the other hand, 
the piezoresistive property of interlocked microstructures is dominated by surface microstructure 
deformation rather than bulk film deformation, leading to minimization of time-delay behavior. 
Additionally, sufficient void spaces between the interlocked microstructures enabled a facile release of 
energy, resulting in faster recovery times than that for the planar structure.88 In particular, the interlocked 
microdome array exhibited the fastest response time (35 times faster than that of planar structures, 
Figure 4.15a) due to the largest variation in contact area (Figure 4.8c), which facilitates the immediate 
formation of a conductive path. The interlocked microstructures also exhibited excellent mechanical 
stability over repeated cycles (Figure 4.15b). Piezoresistive e-skins having interlocked microstructures 
presented uniform piezoresistive properties upon repetitive pressure loadings (10 kPa) over 1,000 times 
without any surface crack (Figure 4.16). In contrast, e-skins having planar structures exhibited non-
uniform and unstable piezoresistive properties over repetitive cycles, which can be attributed to 
incomplete recovery to their original state due to a slow response/relaxation time and a strong stiction 




Figure 4.15. Response time and durability properties of e-skins with interlocked microstructure arrays. 
(a) Response and relaxation times of e-skins under a loading/unloading pressure of 10 kPa. (b) 
Mechanical durability of e-skins under repeating a loading/unloading pressure of 10 kPa up to 100 





Figure 4.16. SEM images of surface morphologies of electronic skins with interlocked microstructures 




Multidirectional Force-Sensing Capability of Interlocked Microstructured E-skins. In human 
fingertip skin, various mechanoreceptors and interlocked epidermal-dermal ridges enable 
spatiotemporal recognition of intensity, direction, and location of forces applied in different directions, 
which is critical for hand-manipulation of objects with different shapes. Artificial e-skins that can detect 
and discriminate multidirectional forces are required in robotic skins, gesture monitoring devices, and 
other healthcare sensors. Interlocked microstructures can induce a unique microstructure deformation 
tendency specific to each microstructure geometry depending on the direction of applied forces. This 
would result in sensitive and selective piezoresistance in multidirectional force sensing. Figure 4.17 
shows the piezoresistive sensing properties of interlocked microstructures having different geometries 
in response to shear, tensile, and bending stresses. 
Figure 4.17a shows the shear-force detection properties of interlocked microstructures. In order to 
engage the upper and lower microstructure layers, a normal preload (~45 kPa) was applied on the upper 
layer prior to applying shear force. In the linear regime of Figure 4.17a, the pillar structure exhibited 
the highest shear sensitivity (0.54 N−1), which is ~2 and ~4 times larger than that of the dome (0.27 N−1) 
and pyramid (0.14 N−1) structures. The finite-element simulation results (Figure 4.18) exhibit that the 
normal preload induced a microstructure deformation at the contact spots, and the subsequent 
application of shear force further increased the microstructure deformation in the lateral direction and 
the contact area between interlocked microstructures. The calculated contact-area change in response 
to shear force shows that the rate of contact-area variation decreases in the following order: pillar, then 
dome, and finally the pyramid structure (Figure 4.17b), which is the same tendency observed in the 
experimental results. It is worth noting that the pillar structure exhibited the smaller contact-area change 
for normal pressure compared to dome and pyramid structures due to the large initial contact area 
(Figure 4.8c). These results imply that once the initial contact is formed between the opposing 
microstructures under a predefined normal preload, the pillar structure deforms more easily than the 
other microstructures in response to lateral shear force, which results in the enhanced contact area 
change and thus improved shear-force sensitivity. 
For detecting tensile strain, the micropillar structure exhibited the least sensitive piezoresistance 
compared to the microdome and micropyramid structures (Figure 4.17c). For tensile strain, the output 
current decreases due to the deformation of hexagonal microstructure arrays into elongated hexagonal 
arrays in the tensile direction, which results in a decreased contact area and thus decreased output 
current.46 The simulation results indicate that the lateral tensile strain induced a decrease in concentrated 
stress at the contact spots and in the contact area between opposing microstructured films (Figure 4.19), 
leading to a decrease in output current. For the quantitative comparison of strain-sensing properties, a 
gauge factor (GF) was analyzed. This is defined by the equation GF = (ΔR/R0)/(ΔL/L0), where R is the 
electrical resistance and L is the length of film. The interlocked microdomes exhibited the largest GF 
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(~16), which was about 2 and 7 times larger than those of the micropyramid (~7) and micropillar (~2.2) 
structures for tensile strains up to 30 % (Figure 4.20). The calculated contact-area change in Figure 
4.17d also exhibits a similar tendency with the order microdome, then micropyramid, and finally 
micropillar for the rate of contact area change in response to tensile strain. As a result of bending strain, 
the concentrated stress and contact area of interlocked microstructures increased with bending curvature 
(Figure 4.21). Similar to normal-pressure and tensile-strain sensing, the interlocked microdome 
structure exhibited the largest bending strain sensitivity, followed by the micropyramid and micropillar 
structures (Figure 4.17e). The calculated contact-area change in Figure 4.17f similarly exhibits the 
largest contact-area change for interlocked microdome structures.  
 
 
Figure 4.17. Relative current changes and contact area variations of interlocked microstructured e-skins 
in response to different mechanical forces (shear, stretching, and bending). (a–f) Changes in relative 
resistance and contact area of e-skins having interlocked microstructures in response to applied 





Figure 4.18. Finite-element simulation of the interlocked e-skins showing the microstructure 
deformation and contact area change between interlocked microstructure arrays in response to normal 





Figure 4.19. Finite-element simulation of the interlocked e-skins showing the microstructure 
deformation and contact area change between interlocked microstructure arrays in response to normal 











Figure 4.21. Finite-element simulation of the interlocked e-skins showing the microstructure 
deformation and contact area change between interlocked microstructure arrays in response to normal 




In addition to force sensitivity, discrimination of multidirectional forces is an essential requirement 
for practical applications of e-skins. In an interlocked geometry of microstructures, distinct deformation 
patterns depending on the type of mechanical forces induce unique output current signals specific to the 
applied forces.46 This geometry-specific force-responsive behavior exhibited by interlocked 
microstructures enables detection and differentiating of multidirectional mechanical stimuli. Each e-
skin having different microstructures exhibited unique output current patterns with different signal 
intensity and response times depending on the type of mechanical forces (normal, shear, tensile, and 
bending; Figure 4.22). It was also observed that differently shaped microstructures exhibited different 
signal intensities and patterns under the same mechanical stimuli. In particular, microdome structures 
exhibited the most sensitive piezoresistance for normal pressure, tensile strain, and bending stimuli. In 
contrast, the micropillar structures showed the most sensitive piezoresistance in response to shear force. 
All of these different signal patterns are attributed to different magnitudes of deformations of the 
interlocked microstructures and to response/relaxation times depending on the direction of the applied 
forces and the shape of the microstructures. Although the microdome structures exhibited the most 
sensitive piezoresistance for normal pressure, tensile strain, and bending stimuli compared to 
micropyramid and micropillar structures for the equal microstructures feature sizes (10 µm diameter, 
15 µm pitch, and 6 µm height), it is worth to note that the force sensitivity of e-skins also depends on 
the feature size such as the height, diameter, and pitch of periodic microstructures in addition to the 
microstructure shape. For example, as shown in Figure 4.23, the increase of pillar height of micropillar 
structures results in the enhanced force sensing capabilities. It is expected that the variation of other 
feature sizes (diameter, pitch) of microstructures significantly affect the multidirectional force 




Figure 4.22. Multidirectional force sensing capabilities of interlocked microstructured e-skins in 
response to different mechanical forces (normal, shear, stretching, and bending). Each e-skin exhibits 
unique output current patterns with different signal intensity and response times depending on the type 




Figure 4.23. Multidirectional force sensing capabilities of e-skins with different height of micropillar 
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Healthcare Device Applications of Microstructured E-Skins. For practical applications of the 
piezoresistive e-skins in healthcare monitoring devices, the detection of various bio-signals was 
compared over a wide range of pressures, from acoustic wave (<1 Pa) and human breath (1 Pa–1 kPa) 
to human pulse pressure (1–10 kPa, e.g. artery pulse pressure, average 30–40 mmHg, 4–5.3 kPa) and 
carotid pulse pressure (average 35 mmHg, 4.67 kPa).177, 178 The detection of acoustic waves allows for 
the application of e-skins in hearing-aid devices, highly sensitive microphones, and human–machine 
interfaces. In order to analyze the capability of sound detection, the e-skins were positioned 1 cm away 
from the speaker (Figure 4.24a) and the output currents were measured in response to acoustic waves 
with sound pressure levels varying from 90 to 110 dB at a constant frequency of 100 Hz (Figure 4.24b). 
As the sound pressure levels increased, the vibration-induced fluctuation of current gradually increased. 
In particular, the micropillar structure exhibited the best capability to detect acoustic waves, which can 
be attributed to the vibration-induced fluctuation of large initial contact area of interlocked micropillar 
structures. The detection of acoustic waves at low acoustic pressure and different frequency is also 
applicable to verify the precise detection of acoustic wave (Figure 4.25). Figure 4.25a and 4.25b show 
the detection capability of acoustic wave depending on the sound intensity (60–85 dB) under fixed 
frequency (50 Hz) and different frequency (50–150 Hz) under fixed intensity (80 dB), respectively. 
Furthermore, to verify the precise detection, we extracted the detected frequency by a high pass 
frequency filter (> 65 Hz) (Figure 4.25c) and compared the experimental and theoretical acoustic waves 
(Figure 4.25d). The great acoustic wave sensing capabilities of our piezoresistive e-skins are caused by 
the high pressure sensitivity, which can be favorably compared with the previous acoustic sensors 
(Table 4.2). Based on the capability to perceive acoustic waves, these e-skins can also recognize the 
specific words by detecting unique signal patterns with noise filtering process as shown in Figure 4.24c. 
When the e-skins are exposed to sound source of the word “electronic skinˮ with intensity of 110 dB, 
different signal patterns can be observed. As expected, the micropillar structure shows the most distinct 
signal patterns due to the large fluctuation of contact area under tiny vibration. For the detection of 
human breathing motion, the e-skin was attached right below the nose (Figure 4.24d). For repeated 
breathing motion, all the e-skins exhibited periodical electrical signals corresponding to 
inspiration/inhalation (Figure 4.24e). Particularly, the micropillar structure exhibited the largest change 
in output current, which can be attributed to the largest shear force sensitivity of micropillar structures, 
as shown in Figure 4.17a. The results also exhibit similar characteristics at low operating-voltages (0.1 
and 1 V, Figure 4.26), where the low operating voltage of 0.1 V is comparable to that of previously 
reported e-skins (Table 4.1) and provides a great possibility for low power consumption of wearable 
devices. 
For the detection of artery pulse signals, the output current signals of the e-skins (~1 cm2) were 
recorded after attaching them onto the wrist (Figure 4.24f). All the e-skins having different 
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microstructures showed periodic waveforms of 62 beats/min (Figure 4.24h), corresponding to the 
average heartbeat of adult males. An artery pulse waveform contains three distinguishable peaks: P1 for 
the main pulse pressure and P2 and P3 for the reflected wave pressures from the hand and lower body, 
respectively.179 The most distinct pressure peaks were observed for the interlocked microdome 
structures (Figure 4.24h), which is in accordance with the highest pressure-sensitivity of microdome 
structures in the medium pressure regime (1–10 kPa; Figure 4.8a). For a quantitative comparison of 
artery pulse wave detection capabilities, the radial artery augmentation index (AIr = P2/P1) and radial 
diastolic augmentation (DAI = P3/P1) were analyzed. The AIr and DAI acquired for the microdome and 
micropyramid structures are 0.53 and 0.19 and 0.54 and 0.2, respectively; this closely matched the 
average values of healthy 28-year-old males.179 However, the interlocked micropillar structure did not 
exhibit clearly distinguishable pulse pressure peaks. Furthermore, the carotid pulse pressure was 
measured by attaching e-skins onto the neck (Figure 4.24g). The resulting waveforms presented the 
distinguished peaks corresponding to the inflection point of the carotid distention pressure (P1) and 
common carotid distention pressure (P2) (Figure 4.24h), which provide cardiovascular information 
based on the pressure augmentation index (PAI), PAI = (P2−P1)/(P2−P0). Similar to the results for artery 
pressure, the interlocked microdome structure exhibited the clearest detection peaks due to high 
sensitivity at the pulse pressure ranges. The PAI value acquired for the microdome structure was in 




Figure 4.24. Healthcare monitoring applications of interlocked microstructured e-skins. (a) Photograph 
of the acoustic wave detection test using e-skins at a fixed distance of 1 cm from the speaker. (b) Relative 
current change of e-skins having interlocked microdome, micropyramid, and micropillar structures in 
response to different intensities of acoustic waves at a constant frequency of 100 Hz. (c) Acoustic sound 
detection capability of the e-skins with interlocked microstructures in response to sound source of 
“electronic skin”. (d) Photograph of the human breath detection test using e-skins placed below the nose. 
(e) Relative current change of e-skins in response to human breath. (f, g) Photographs of the blood 
pressure monitoring test of (f) artery and (g) carotid pulse pressure using e-skins attached onto human 
wrist and neck. (h) Relative current changes of the e-skins with interlocked microstructures while 




Figure 4.25. Detection of acoustic waves at low sound intensity and different frequency. (a-b) 
Comparison of acoustic wave detection of e-skins with different interlocked microstructures depending 
on (a) sound intensity at a constant frequency of 50 Hz, (b) frequency (50, 100, and 150 Hz) at a constant 
sound intensity of 80 dB. (c) Acoustic wave with frequency of 100 Hz in a normal atmosphere (base 
frequency: 60 Hz) before (black line) and after (red line) the base frequency filtering by a high pass 
frequency filter (> 65 Hz). (d) Comparison of acoustic wave between experimental and theoretical 





Figure 4.26. Relative current changes of interlocked microstructured e-skins in response to human 











































1 PVDF nanofiber web Piezoelectric 266 mV Pa-1 2000 60-115 [181] 
2 PZT thin film Piezoelectric - 1000 - [67] 




Piezoelectric 55 mV/96.5dB* 25000 96.5 [43] 




































We developed multidirectional force sensitive e-skins which possess customizable force sensitivity 
and selectivity by controlling the specific microstructure geometries (i.e., microdome, micropyramid, 
and micropillar). Different microstructure shapes of e-skins exhibited distinguishable variations in 
contact area and localized stress between the two opposing composite films, which critically affect force 
sensitivity, selectivity, and response/relaxation times of e-skins for multi-directional (i.e., normal, shear, 
tensile, and bending) mechanical forces. It was found that microdome structures presented the best force 
sensitivities for normal, tensile, and bending stresses. For shear stress, micropillar structures exhibited 
the highest sensitivity. All of the interlocked microstructures exhibited better sensitivities compared to 
single microstructures and planar films, which can be explained by the finite-element calculation of 
contact-area change and stress distribution. As proof-of-concept demonstrations, e-skins were 
successfully employed in the monitoring of various bio-signals over a wide range of pressures, from 
acoustic wave (<1 Pa) and human breath (1 Pa–1 kPa) to human pulse pressure (1–10 kPa). The findings 
in this study related to direction-specific sensitivities of e-skins depending on the microstructure shape 
are a strong precedent for developing high-performance and customizable e-skins for applications 

















Chapter 5. Fingertip skin-inspired microstructured ferroelectric skins with 
multi-stimuli detection capability  
 
5.1 Introduction 
Many research groups have recently demonstrated flexible electronic skins (e-skins) with high tactile 
sensitivities that are capable of mimicking the tactile sensing capabilities of the human skin.11, 12, 19, 24, 
42, 51, 87, 88, 91-93, 137, 186, 187 In particular, flexible and multifunctional e-skins can find applications in 
humanoid robotics,188 skin prosthetics,20 and wearable health monitoring devices.130 In order to use the 
e-skins for human skin-like tactile sensor applications, one critical requirement is the ability to 
simultaneously perceive and differentiate between multiple spatio-temporal tactile stimuli such as static 
and dynamic pressure, temperature, and vibration. E-skins with these capabilities may enable, for 
example, humanoid robots that can precisely grasp and manipulate objects, discern the surface texture 
and hardness, and feel the warmth of living objects. While there have been several reports on the 
development of multifunctional e-skins that can detect and differentiate between mechanical and 
thermal stimuli,24, 51, 129, 131, 186 these approaches typically require the integration of multiple sensors on 
heterogeneous substrates. In addition, sophisticated layouts of interconnect lines such as open mesh and 
serpentine layouts are needed to minimize mechanical strain effects. Recently, e-skins that can 
simultaneously detect pressure and thermal variations were demonstrated in a single device fabricated 
using ferroelectric or graphene materials.133, 134, 189 However, only the perception of static pressure was 
demonstrated in these reports. In addition to the perception of static tactile stimuli, the spatio-temporal 
detection of dynamic tactile stimuli is critical in the recognition of slip between the skin and objects, 
enabling the perception of shape, hardness, and roughness.190 E-skins that can simultaneously detect 
thermal and mechanical (static and dynamic) stimuli with high sensitivities are yet to be developed. 
Human skin is a complex sensory system that contains unique epidermal and dermal microstructures 
and sensory receptors (Figure 5.1a).121, 191 The fingerprint patterns enable the perception of fine surface 
texture by amplifying the vibrotactile signals when the finger is scanned over a surface.74, 192, 193 The 
interlocked microstructures between the epidermal and dermal layers are known to amplify and 
efficiently transfer the tactile stimuli to cutaneous mechanoreceptors.52, 86 Human skin can also detect 
and discriminate between static and dynamic mechanical stimuli. Within the human skin, while the 
slowly-adapting receptors (e.g., Merkel and Ruffini corpuscles) respond to sustained touch and pressure 
on the skin, the fast-adapting receptors (e.g., Meissner and Pacinian corpuscles) respond to dynamic 
touch and vibration stimuli.121 In addition, the human skin is known to have both piezoelectric and 
pyroelectric properties originating from the presence of polar keratin, elastin, and collagen fibers with 
unique orientations,86, 194-196 which enable the human skin to precisely perceive and differentiate 
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mechanical and thermal stimuli. All of these microstructures and receptors enable the human skin to 
simultaneously perceive and differentiate between multiple spatio-temporal tactile stimuli. However, 
such abilities for multifunctional tactile perceptions have not been demonstrated in artificial e-skins. 
Inspired by the epidermal-dermal interlocked microstructures in human skin, we have previously 
reported piezoresistive sensors with interlocked microdome arrays, which can detect various static 
mechanical stimuli including normal, shear, stretching and bending forces.45, 46 However, these previous 
sensors are based on piezoresistive mode of operations and therefore can only detect static and low-
frequency stimuli. The other sensing capabilities of human skin including texture perception by 
fingerprint patterns, high-frequency vibration detection by Pacinian corpuscles, piezoelectricity and 
pyroelectricity of skin will be also required for the detection and discrimination of various static and 
dynamic stimuli, temperature, and surface textures. 
In this work, mimicking diverse structures and functions of sophisticated sensory system in human 
fingertip, we introduce human skin-inspired multimodal e-skins based on flexible and microstructured 
ferroelectric films (Figure 5.1b), which enhance the detection and discrimination of multiple spatio-
temporal tactile stimuli such as static and dynamic pressure, temperature, and vibration. The 
piezoelectric and pyroelectric properties of the human skin to detect dynamic touch and temperature are 
realized in the e-skins by using piezoelectric and pyroelectric responses of ferroelectric polymer 
composites composed of poly(vinylidene fluoride) (PVDF) and reduced graphene oxide (rGO). The 
intrinsic inability of the ferroelectric e-skins in detecting sustained static pressures is overcome by 
utilizing the piezoresistive change in contact resistance between the interlocked microdome arrays in 
the rGO/PVDF composites.45, 46 In addition, to mimic the epidermal and dermal microstructures 
observed in the human finger skin, fingerprint patterns and interlocked microstructures are employed 
in the e-skins to amplify the tactile signals by static and dynamic pressure, temperature, and vibration. 
We also show that the e-skin can simultaneously detect pressure and temperature variations and resolve 
these stimuli separately via different signal generation modes, such as sustained pressure 
(piezoresistive), tiny and temporal pressure (piezoelectric), and temperature (pyroelectric). As proof of 
concept, we demonstrate that our e-skin can perceive artery pulse pressure as well as the skin 
temperature simultaneously, besides perceiving high frequency dynamic sound waves, and various 
surface textures with different topological patterns, roughness, and hardness. All of these functions are 





Figure 5.1. Human skin-inspired multifunctional electronic skin. (a) Structural and functional 
characteristics of human fingertips. The fingertip skin consists of slow-adapting mechanoreceptors 
(Merkel [MD] and Ruffini corpuscles [RE]) for static touch, fast-adapting mechanoreceptors (Meissner 
[MC] and Pacinian corpuscles [PC]) for dynamic touch, free nerving endings [FNE] for temperature, 
fingerprint patterns for texture, and epidermal/dermal interlocked microstructures for tactile signal 
amplification. (b) Flexible and multimodal ferroelectric e-skin. The functionalities of human skin are 
mimicked by elastomeric patterns (texture), piezoresistive (static pressure), ferroelectric (dynamic 




5.2 Experimental Details 
Material synthesis. The synthesis of graphene oxide was initiated by adding graphite powder (2 g) 
into a solution containing H2SO4 (20 mL), K2S2O8 (1 g), and P2O5 (1 g) at 353 K, followed by cooling 
the dark blue mixture to 293 K for 5 h. Distilled water (1 L) was added to the mixture. The mixture was 
then filtered and the residue on the filter was washed until the pH of the rinse water reached 7. Next, 
the product was dried overnight at ambient temperature in air. After preoxidation, the oxidized graphite 
powder (2 g) was added to H2SO4 (75 mL) at 273 K in an ice bath. KMnO4 (10 g) was added slowly 
over 10 min with stirring and cooling. During this process, the temperature of the mixture was 
maintained below 293 K. The mixture was then heated to 308 K and stirred for 2 h, and distilled water 
(160 mL) was added over 30 min. Next, the mixture was further diluted with distilled water (500 mL) 
and treated with 30 % H2O2 (8.3 mL). After the suspension turned bright yellow, it was allowed to sit 
for 1 day, and the supernatant was then decanted. The residue was centrifuged and washed 3 times with 
10 % HCl (800 mL) at 3000 rpm. The residue was then centrifuged and washed with distilled water 
repeatedly until the pH of the rinse water reached a value of 6. For the preparation of GO in DMF, the 
GO suspension was centrifuged at 15000 rpm for 1 h and the supernatant was then decanted. The residue 
was centrifuged and washed 5 times with N,N-dimethyl formamide (N,N-DMF) (Junsei, 99.5 %, 
density: 0.952 g/mL) (40 mL) at 15000 rpm for 1 h. PVDF (Sigma Aldrich, Mw: ~530,000, pellet) 
solution (10 wt. % in DMF) was mixed with the GO/DMF suspension.  
Device fabrication. The PVDF/GO nanocomposite films were fabricated by solution-based rod 
casting using a glass rod on the glass plate at 50 °C and drying for 12 h. To remove the residual DMF 
solvent and reduce the GO into rGO, the films were dried again in a vacuum oven at 160 C for 3 h. 
The residual DMF solvent was completely removed during the annealing process (Figure 5.2). A series 
of graphene/PVDF nanocomposite films with different graphene loadings were similarly prepared. For 
fabricating the interlocked microdome rGO/PVDF nanocomposite films, a polydimethylsiloxane 
(PDMS) replica mould was prefabricated by the double casting method. The double casting method 
was initiated by coating water-soluble polymer poly(vinylalcohol) (PVA) as a thin interlayer onto an 
as-prepared PDMS film fabricated by the micromoulding of a silicon substrate with microdome patterns 
(10µm in diameter, 12µm in pitch, and 4µm in height). The PDMS prepolymer was then poured onto 
the PVA-coated microdome-patterned PDMS film, following which the fully cured replica mould was 
peeled off along with the microdome arrays at 90 °C for 3 h. Finally, by removing the residual PVA on 
the surface of the PDMS replica mould by soaking in water, the fabrication of the replica mould was 
completed. Using the micromoulding process, ferroelectric rGO/PVDF nanocomposite films with 
microdome arrays were prepared (Figure 5.3). The resulting films had the following feature sizes: 
diameter - 10 µm, pitch - 12 µm, and height - 4 µm. Prior to the micromoulding of the GO/PVDF 
composite, we treated the prepared replica PDMS mould with oxygen plasma for 1 min in order to make 
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the surface less adhesive to the hydrophobic GO/PVDF solution. The GO/PVDF precursor (500 µL) 
was then cast onto the oxygen plasma-treated replica mould, and subsequently stored in a vacuum oven 
at 160 °C for 6 h. Finally, the fingerprint-inspired micropattern for texture perception was prepared by 
the PDMS micromoulding process with regular dimensions of around 500 µm in pitch and 160 µm in 
ridge width. The thickness of the fingerprint-patterned PDMS film was 50 µm. 
Characterization. Field-emission scanning-electron microscopy (FE-SEM; S-4800, Hitachi) was 
used to observe the morphology of the GO/PVDF composite films. Differential scanning calorimetry 
(DSC) measurements (DSC Q10, TA instrument) of the GO/PVDF nanocomposites were conducted 
under nitrogen gas in the 193 to 473 K temperature range with cooling/heating speeds of 20 K/min. The 
crystalline structure of GO/PVDF nanocomposites was determined using XRD (Rigaku Ultima IV) with 
Cu Kα radiation. FT-IR (NICOLET 380, Thermo Scientific) measurements were conducted to examine 
the changes in the bonding structure. The electrical properties of the rGO/PVDF nanocomposites under 
controlled temperatures were measured by a source meter (S-2400, Keithley). For the TCR 
measurements, the temperature of the hot stage was controlled by the Advanced Peltier System (APS) 
attached to ARES-G2 TA Instruments. 
Measurements of the sensing performance of the e-skins. To measure the electrical properties of 
the e-skin devices as a function of pressure and temperature variation, two Cu electrodes were attached 
to the top and bottom of the sandwiched microdome-patterned nanocomposite films (size : 1.5 cm × 1.5 
cm) using silver paste and annealed at 90 °C for 1 h to minimise contact resistance. A thin PDMS film 
(thickness: ~ 300 µm) was used as a supporting layer to fix the e-skin and reduce electrical noise. To 
measure the pressure-induced electrical properties, piezoresistive and piezoelectric signals were 
collected using a semiconductor parameter analyser (4200-SCS, Keithley) and source meter (S-2400, 
Keithley), respectively. A static normal pressure was applied by the pushing tester (JIPT, JUNIL TECH, 
Korea) with a pushing speed of 3 mm/s as controlled moving displacement. For the frequency-
dependent pressure measurements via piezoelectric sensors, the frequencies of applied pressure were 
modulated by varying the pushing speed (0.3-4.5 mm/s) under a fixed moving distance of the pushing 
tester (schematic illustration in Figure 5.4a). Here, the piezoelectric output signals were measured by a 
source meter with infinitely large input impedance (>10 GΩ). The number of power line cycles (NPLC) 
of 1 were used to increase the measurement resolution and accuracy. To evaluate the detection of 
simultaneous temperature and pressure variations, loading/unloading cycles of water-filled glass vials 
with different temperature and pressure were performed onto the e-skin (sensor size: 1 cm2) with the 2 
s intervals. To monitor the variation in the artery pressure pulse, the wearable e-skin (sensor size: 1 cm2) 
encapsulated by polyimide films on both sides, was wrapped onto the wrist. The changes in the artery 
pressure pulse with exercise and body temperature were monitored after running for 5 min and 
immersing the wrist in warm and cold water for 2 min. To evaluate the sensing of dynamic pressure, a 
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speaker (SMS-A90, Samsung) connected with a frequency sound generator (APKCRAFT) was used to 
generate acoustic sound waves, which were dictated via an electronic dictionary (oxford) program 
(Figure 5.4b). The sound waves (sound intensity: 96.5 dB) were then applied to the e-skin using a 
speaker placed at a distance of 2 cm from the e-skin. The electrical voltage generated was analysed by 
an oscilloscope (DPO 2022B, Tektronix). A spectrogram of the original acoustic waves was displayed 
by an audio editor program (Wavesurfer). To evaluate the perception of surface textures, a lab-built 
microstage system (Micro Motion Technology, Korea) was used for cyclic displacement within 1 cm at 
constant moving speeds (0.25-2.5 mm/s) and loading pressure (0.3 N). For this measurement, various 
target substrates such as PDMS substrates with parallel line patterns (D: 160 µm, P: 500 µm), sandpaper, 
glass, paper, and silicon substrates with different geometric patterns were used. For the discrimination 
of surface hardness/softness, the parallel line patterned PDMS substrates with different modulus were 
prepared by adjusting the mixing ratio of PDMS base to curing agent (10:1, 15:1, 20:1).197   
 
 
Figure 5.2. FT-IR spectra for verifying residue solvent. (a) PVDF at different preparation conditions, 
(b) rGO/PVDF nanocomposites with rGO contents of 0, 1, and 40 wt. % compared with pure solvent. 





Figure 5.3. Schematic illustrations of the double casting and micromoulding processes for the 





Figure 5.4. Experimental set-up for the detection of dynamic pressure. (a) Schematic illustration of the 
measurement system for the detection of dynamic touch. (b) Schematic illustration of the measurement 





















5.3 Results and Discussion 
Ferroelectric rGO/PVDF composite films for temperature mapping. Flexible ferroelectric films 
were fabricated by introducing graphene oxide (GO) sheets in the PVDF matrix and subsequently rod 
casting at a low temperature (50 C for 12 h). At this low crystallization temperature, both PVDF/GO 
mixtures as well as pure PVDF crystallize into polar phases (β- phase). The formation of polar phases 
in PVDF was confirmed by X-ray diffraction (XRD) and Fourier transform infrared (FT-IR) 
spectroscopy analyses (Section S5.1 and Figures 5.6–5.8). Next, to increase the conductivity of the 
composite films for use as piezoresistive sensors, the GO in the composite films was further reduced 
by annealing at 160 C for 3 h, during which the brownish transparent film turned black (Figure 5.6a). 
It is worth noting that even after annealing, the polar crystal structure of PVDF is still maintained in the 
composite films (Figure 5.6a), which is not the case for pure ferroelectric PVDF made by solution 
casting at low temperature (Figure 5.6a) or made by conventional electric poling process.198 This may 
be ascribed to the steric effect by the existence of GO sheets adjacent to crystalline PVDF and to the 
interaction between PVDF molecules and GO surface atoms. The solution rod casting method used in 
this study for fabricating ferroelectric PVDF/rGO composite films is scalable. Flexible and large-area 
composite films that are 20 × 15 cm2 are easily obtained (inset in Figure 5.5a). A cross-sectional SEM 
image of the rGO/PVDF composite film with an rGO concentration of 1 wt. % indicates that the rGO 
sheets are uniformly dispersed and stacked within the PVDF matrix (Figure 5.5). An increase in the 
rGO content in the composite further increases the tendency to form stacked rGO structures (Figure 
5.9a). 
The current-voltage (IV) curves of the ferroelectric composite film (1 wt. % rGO) as a function of 
temperature show that the current increases with increase in temperature from 0 to 100 °C (Figure 5.5b). 
When the relative resistance (R/R0) is plotted as a function of temperature for all the PVDF/rGO 
composites with various rGO contents, the resistance decreases with increase in the temperature (Figure 
5.5c). This negative temperature coefficient (NTC) of resistance is not common for conductive 
composites, since most of them show a positive temperature coefficient (PTC) behaviour, owing to 
thermal swelling of the polymer matrix.199-201 The NTC behaviour observed in our composite film can 
be attributed to the change in the contact resistance between the rGO sheets202 by thermo-mechanical 
variation as well as the intrinsic NTC behavior of rGO.203 Temperature-dependent resistance change 
can be quantified by means of the temperature coefficient of resistance (TCR) parameter, which is 
defined as TCR = (∆R/R)/∆T, where R is the resistance of the film and T is the temperature. TCR is 
reduced with increase in the rGO content (Figure 5.5c). This is attributed to the decrease in the 
crystallinity of PVDF with increase in the rGO content in the composites (Figure 5.9b and c). For 
demonstration, we fabricated flexible temperature-sensitive e-skins by placing gold electrode arrays on 
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the top and bottom of the film (18 × 12 pixels). When a human hand is placed on top of the e-skins, the 
temperature variation over the entire contact area can be mapped by the temperature sensor (Figure 
5.5d). This temperature mapping capability of cost-effective flexible films is beneficial for the 
continuous monitoring of the temperature variation of human skin, which can provide clinical 
information for medical diagnosis.91  
To further investigate the temporal response of e-skins to continuous temperature variations, we 
analysed the dynamic changes in the e-skin resistance immediately after contact with a water droplet at 
various temperatures. Figure 5.5e shows a representative optical image and infrared camera images of 
water droplets on e-skins with different droplet temperatures. The solid lines in Figure 5.5f and h show 
the time-dependent resistance change of the e-skins, while the dotted lines show the droplet 
temperatures, as monitored by an IR camera. When a water droplet at room temperature (25 °C) falls 
on the e-skin at 25 °C, the electrical resistance of the e-skin does not change (Figure 5.5f). On the other 
hand, the falling of warm water droplets (38, 50, and 64 °C) induces an instantaneous decrease in the 
relative resistance to 0.74-0.92 (Figure 5.5g). Although the resistance rapidly decreases immediately 
after contact with the warm water droplets, it then gradually increases due to the cooling of the warm 
water droplet over time, and finally reaches the original value of 1 at thermal equilibrium. On the other 
hand, the falling of cold water droplets (-2, 9, and 21 °C) on the e-skins at 36 °C shows the opposite 
behaviour (Figure 5.5h). In this case, the relative resistance instantaneously increases immediately after 
contact with the cold water droplets and then gradually decreases due to the warming up of the droplet 
to a local steady state temperature. Here, the relative resistance at a local steady state (R/R0 = 1.02) is 
slightly higher than the original value (R/R0 = 1.00), which can be attributed to the temperature 
difference between the water droplet at local steady state (30 ºC) and the original e-skin temperature 
(36 ºC). The local steady state temperature (30 ºC) of a water droplet can be reached due to the 
temperature difference between the e-skin (36 ºC) and the atmosphere (25 ºC). When the water droplet 
is removed from the e-skin surface, the relative resistance recovers to the original value (Figure 5.10). 
This result verifies that the e-skin can also detect a wetting state by a cold water. For both the warm and 
cold water droplet measurements, the instantaneous and subsequent gradual variation in the relative 
resistances (solid lines) agree with the temperature variation behaviour of the water droplets. The 
instantaneous variation in the resistance leads to local equilibria in the initial time domain (< 0.2 s) after 






where R is the resistance of the e-skin, t is the time, and T is the characteristic time (Section S5.2). 
The experimental data fits well to Equation (1) with T = 11 ms for both the warm and cold water 
droplets (Figure 5.5g and i). The T value of 11 ms corresponds to the time scale required for the overall 
system composed of the e-skin and water droplet to reach local thermal equilibrium (Section S5.3). The 
above results demonstrate that our e-skins enable fast and precise monitoring of temporal and spatial 
changes in temperature.  
 
S5.1 Ferroelectric crystalline structures in poly(vinylidene fluoride)/graphene oxide 
(PVDF/GO) composites 
The β-phase with the orthorhombic phase structure has high polarity, owing to the two all-trans 
(TTTT) chains whose dipoles point to the same direction. In contrast, the nonpolar monoclinic α-phase 
composed of two chains in the TG+TG- conformation has antiparallel dipole components normal to the 
chain axis. Pure PVDF and PVDF/GO composite films contained only the β-phase when they were 
solution-casted in N,N-dimethyl formamide (DMF) and dried at 50 °C for 12 h (Figure 5.6). The 
characteristic X-ray diffraction (XRD) peaks at 2θ = 20.6° and 36.5° can be assigned to β (200, 110) 
and β (020), respectively. For the pure PVDF film, the β-phase was transformed into the α-phase when 
the films were annealed at 160 °C for 3 h or casted at 160 °C. The characteristic XRD peak at 2θ = 
17.9°, 18.3°, 20.0°, 26.7°, 33.8°, 37.2°, and 39.2° can be assigned to α (100), α (020), α (110), α (021), 
α (121), α (040), and α (002), respectively. On the contrary, for the PVDF/GO (95/5) composite film, 
the β-phase was retained in the films after the same thermal processing procedure as those employed 
for pure PVDF. For the PVDF/GO (99/1) composite films, β and γ-phases were observed by XRD and 
Fourier transform infrared spectroscopy (FT-IR) analyses as seen in Figures 5.6 and 5.7. For the γ-phase, 
the ab base is the same as that for the α-phase (Figure 5.6c), characterised by peaks at 2θ = 17.9°, 18.3°, 
and 20.0°. In addition, an XRD peak corresponding to γ (021) is observed at 2θ =20.4°. Therefore, the 
PVDF/GO (99/1) composite contains both β and γ-phases, whereas the PVDF/GO (95/5) composite 
contains only the β-phase. In addition, the chemical structure of the pure PVDF and PVDF/GO 
composite film was analysed. After annealing at 160 °C for 3 h, pure PVDF exhibited a characteristic 
peak at approximately 765 cm-1 arising from the vibration mode of the in-plane bending or rocking of 
CH2 of the α-phase. Compared to pure PVDF, the characteristic peaks of the PVDF/GO (99/1) and (95/5) 
composites are observed at 840 cm-1, which can be attributed to the mixed mode of CH2 rocking and 
CF2 asymmetric stretching vibrations of the β-phase. Note that the PVDF/GO (99/1) composite retains 
additional TTTG chain peaks, which corresponds to the γ-phase.  
When the molten composites after annealing at 160 °C are quenched in liquid nitrogen, only the α-
phase is observed in the case of pure PVDF. However, a new phase (γ’-phase) is observed in the 
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PVDF/GO composites as seen in Figure 5.6. In the quenched PVDF/GO composites, the peaks observed 
at 18.3° and 20.0° can be assigned to the ab base of the α or γ-phases. However, peaks corresponding 
to α (021) or γ (021) are missing for the quenched PVDF/GO composites, which are expected to appear 
at 2θ =26.7° or 20.4°. In the XRD analysis, no peak related to ordering in the c-axis direction is observed 
in the quenched PVDF/reduced graphene oxide (rGO) composites. FT-IR analysis shows that the 
composites have TG, TT, and TTTG conformations as seen in Figure 5.7. Therefore, it can be concluded 
that the quenched PVDF/GO composites have the same ab base as the α-phase, but disordered structure 
in the c-axis. We refer to this new phase as the γ’-phase, which is depicted schematically in Figure 5.8.  
 
S5.2 Local temperature equilibrium model for the water droplet on e-skins 
Heat balance may be given by Equation (1), assuming the thickness of the e-skin is small enough that 






(T(t)-Twater)                                                                          (1)                                  
In the above equation, U is the overall heat transfer coefficient; U = 1/(1/ℎ𝑖  + d/k), where ℎ𝑖 is 
the heat transfer coefficient at the water-film interface, k is the thermal conductivity of the e-skin, and 
d is the thickness of the e-skin. The explicit solution to Equation (1) is given by Equation (2): 
T(t)=Twater+(T(0)-Twater) exp(-t/τT )                                            (2)         
where 𝜏𝑇  is the characteristic time; 𝜏𝑇 = 𝑚𝐶𝑃/𝑈𝐴 
Equation (2) can be rewritten in terms of resistivity as follows (Equation (3), since the resistivity of 
















)                                            (3)                                  
For both the hot water and cold water droplets, local equilibria are observed at the initial stages of 
contact between the e-skin and the water droplets (Figures 5.5g and i). Equation (3) with the 
characteristic time (𝜏𝑇  ) of 11 ms fits the experimental data for both hot and cold water droplets, 
indicating that the e-skin senses the temperature of the water droplets by pyroelectric effect in very short 
amounts of time. The characteristic time can be engineered by varying the thickness of the e-skin or 
coating the surface of the e-skin for specific purposes. The e-skin with interlocked microdome arrays 
senses the weight of water droplet as well as the temperature of the droplets, simultaneously. The 
characteristic time for detecting the weight of water droplets by piezoresistive effect is about 100 ms 
under isothermal condition, which is 10 times longer than the temperature detection time. Therefore, 
the e-skin discerns the temperature and weight stimuli by a single ferroelectric response. Furthermore, 
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the e-skin is much more sensitive to the stimulus of pressure modulus.  
 
S5.3 Characteristic time to reach thermal equilibrium for the water droplet on e-skins 
The characteristic time of 11 ms corresponds to the overall heat transfer of the system composed of 
the e-skin and water droplet. The phonon velocity in the PDVF/rGO film can be estimated from the 
velocity of sound (v ); v = (E/ρ)1/2 where 𝐸 is the Young’s modulus and ρ is the density. The 
phonon velocity in the PVDF/rGO film is estimated to be 831 m/s from the measured Young’s modulus 
at room temperature (Figure 5.9). Further, the thermal diffusivity (α) of the PVDF/rGO film is estimated 
to be 1.51 × 10-7 m2/s. The thermal diffusivity may be given by 𝛼 = 𝑘/(𝜌𝑐𝑝) ~ 𝑣𝑙, where k is the 
thermal conductivity, cp is the specific heat capacity, and l is the mean free path of the phonon. The 
time scale to reach local thermal equilibrium through the film (10 µm) can be estimated by using the 
heat equation (δT/δt = α∇2T ) and this time is close to the characteristic time of 11 ms. The NTC 
behaviour of the PVDF/r-GO film may also be attributed to the change in contact resistance between 
the rGO sheets by thermo-mechanical variation as well as to the ferroelectricity of polar PVDF 
crystallites, since the time scale for the thermo-mechanical variation may also be much smaller than the 
characteristic time for the overall heat transfer of the system. In fact, the resistance of the e-skin was 
measured using current bias of several mA. On the other hand, the current generate by the 
ferroelectricity of polar PVDF is of the order of several nA. Thus, the NTC behaviour is mainly 











Figure 5.5. Temperature sensing properties of flexible rGO/PVDF nanocomposite film. (a) Cross-
sectional SEM image of the rGO/PVDF composite film with stacked GO sheets. Scale bar, 1 µm. The 
inset shows a photograph of a flexible and large scale (20 × 15 cm2) rGO/PVDF composite film. (b) 
Current-voltage curves of 1 wt. % rGO/PVDF composite films at various temperatures. (c) Relative 
resistance change of rGO/PVDF composite film as a function of temperature for various concentrations 
of rGO. (d) Detection of temperature distribution on the human palm. (top) Schematic diagram of a 
sensor array, where the rGO/PVDF composite film is sandwiched between gold electrode arrays (18 × 
12 pixels). (middle) Photograph of a human hand on top of the sensor array. (bottom) Contour mapping 
of electrical resistance variations for the local temperature distribution on the human palm. (e) A 
representative photograph and infrared camera images of water droplets with different droplet 
temperatures (64 to -2 C) on the e-skins. (f) and (h) Relative resistance (R/R0) and temperature (T) 
variations of the e-skins after contact with the water droplets (f) above room temperature (25 - 64 C ), 
(h) below room temperature (–2 - 21 C ). Temperature (T) change is measured by IR camera. (g) and 
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(i) Initial stages of time-domain signals in (f) and (g) showing the variation of relative resistance 
immediately after contact between the e-skins and the water droplets. The solid lines are model fitting 
to Equation (1). 
 
 
Figure 5.6. Phase transition of the GO/PVDF composite films with various thermal treatments. (a) XRD 
patterns of the GO/PVDF composite films with GO loading concentrations of 0, 1, and 5 wt. % casted 
at 50 °C for 12 h, annealed at 160 °C for 3 h, re-melted at 160 °C, and quenched in liquid nitrogen. 
Background pictures are those of the GO/PVDF composite films fabricated with each process. (b) 
Calculated Miller indices of the β, α, and γ phases. (c) Schematic illustrations of the structural 







Figure 5.7. FT-IR spectra of the GO/PVDF composite films with GO loading concentration of 0, 1, and 
5 wt%. (a) casted at 50 °C for 12 h, (b) annealed at 160 °C for 3 h, and (c) re-melted at 160 °C and 
quenched in liquid nitrogen. The IR peak at 765 cm-1 is attributed by vibration mode of the in-plane 
bending or rocking of CH2 of α-phase. And peak at 840 cm-1 is presented by mixed mode of CH2 rocking 
and CF2 asymmetric stretching vibrations of β-phase. [Information of peaks; Ⅰ: TG – 614, 765, 858, 









Figure 5.9. (a) Cross-sectional SEM images of the rGO/PVDF composite films with various rGO 
loading concentrations. Scale bar, 1 µm. (b) Relationship between temperature coefficient resistance 
(TCR) and crystallinity. (c) Crystallinity of the rGO/PVDF composite films with different rGO loading 
concentrations. (d) Young’s modulus and elongation at break of the rGO/PVDF composite films with 





Figure 5.10. The time-dependent changes in relative resistance under dropping cold water (19.6 ºC) 




Simultaneous detection of static pressure and temperature. The planar composite film is not 
sensitive to the minute pressure variations induced by the water droplet on the e-skin. The pressure 
sensitivity can be significantly enhanced by employing an interlocked geometry of microdome arrays 
in the laminated composite films (Figure 5.11a). In this case, an external stress can induce deformation, 
which in turn can induce variation in the contact area between the interlocked microdomes, resulting in 
the pressure-dependent variation of contact resistance. Figure 5.11b confirms that the pressure 
sensitivity of the interlocked microdome arrays is significantly higher than that of a planar film mainly 
due to the large change in contact area between neighbouring microdome arrays under external stress.45, 
46 The contact resistance of interlocked microdome arrays continuously decreases with the increase of 
pressure up to 49.5 kPa, which indicates the wide dynamic range of pressure detection (Figure 5.12). 
We also note that a decrease in the loading of rGO in the film improves sensitivity, which can be 
attributed to the increased softness (Figure 5.9d) and piezoelectric effects associated with the decrease 
in the rGO content. The e-skins can detect a tiny static pressure (~0.6 Pa) by a human hair pushing or 
dynamic movements of hair drawing on the e-skin (Figure 5.13a). Furthermore, e-skins enabled the 
sensitive monitoring of air flow pressure variations ranging from 0.6 to 2.2 Pa (Figure 5.13b). For 
repetitive cycles (5000 times at 0.3 Hz) of normal force (20 kPa), the e-skin shows no noticeable 
degradation (Figure 5.14). 
The geometry of the interlocked microdome array also results in a higher TCR value (2.93 %/ºC) 
compared to the planar film (1.58 %/ºC) (Figure 5.11c). For interlocked microdome structures, in 
addition to the intrinsic NTC behaviour of the composite films, thermal expansion and softening of the 
PVDF matrix leads to increased contact area and thus, decreased contact resistance, resulting in 
enhanced NTC behaviour. The TCR value decreases with increase in the normal pressure on the 
interlocked microdome arrays (Figure 5.15), indicating the critical role of the initial contact area in 
modulating the TCR values. Without normal pressure, the initial contact area is very small. However, 
the contact area can be significantly increased by the thermal expansion of PVDF, resulting in a decrease 
in the resistance. This effect decreases with increase in the initial contact area with the application of 
normal pressure. Therefore, the TCR value of 3.15 %/ºC under zero pressure significantly decreases to 
1.2 %/ºC at a normal pressure of 1.2 kPa (Figure 5.15). The TCR values of interlocked microdome 
arrays are higher than those of film-type thermal sensors, such as carbon nanotube films (1-2.5%/°C at 
-173~57 °C),204 multi-walled carbon nanotubes (MWNT)/graphene flakes (0.08%/ °C at 0~30 °C)205 
and graphene nanoplatelets (0.0371 °C at 10~60 °C).206 
To evaluate the temporal response of interlocked e-skins to continuous temperature and pressure 
variations at the same time, we analysed the time-dependent variation of e-skin resistance and water 
temperature immediately after the falling of a water droplet (2 Pa) at various temperatures (Figure 
5.11d). The falling of a room-temperature water droplet on the e-skin results in a decrease in the relative 
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resistance to 0.92, owing to the pressure applied by the water droplet (Figure 5.11e). When warm water 
droplets at 40 and 60 °C fall on the e-skin, the resistance instantaneously decreases to 0.38 and 0.25, 
respectively, owing to both pyroelectric and piezoresistive effects, then gradually increase due to the 
cooling of the warm water droplet over time, and finally reaches the resistance value of 0.92 at thermal 
equilibrium, which corresponds to the static pressure applied by the water droplet. When the water 
droplet pressure is changed (Figure 5.11f), the equilibrium value of relative resistance is different for 
different pressure values. To further demonstrate the discrimination of temperature and pressure 
variations of different types of objects, we performed loading/unloading cycles of water-filled glass 
vials with various pressure and temperature values on top of an interlocked e-skin (Figure 5.11g). 
Compared to the first loading/unloading signals in response to 0.54 kPa pressure at 23 ºC without 
thermal gradient with the e-skin, the gradual resistance change is additionally observed at the moments 
of loading (Figure 5.11i) and unloading (Figure 5.11h) cycles due to the thermal gradient and the 
subsequent equilibrium processes. Here, the differences between instantaneous and equilibrated 
resistance values increases with the increase of temperature, demonstrating the detection of temperature 
variations. When the pressure is simultaneously varied in addition to temperature variation, the pressure 
variation can be monitored by the difference between equilibrated resistance values (Figure 5.11i), 
which can be clearly distinguishable from the instantaneous resistance variation due to the temperature 
change. These results demonstrate that the interlocked e-skins can simultaneously detect and discern 
temperature and pressure variations as a result of the piezoresistive and pyroelectric properties of the 





Figure 5.11. Piezoresistive e-skin with interlocked microdome arrays for simultaneous detection of 
static pressure and temperature. (a) Schematic illustration of the e-skin with interlocked microdome 
array. A tilted SEM image shows the microdome arrays that are 10 µm in diameter, 4 µm in height, and 
12 µm in pitch size. Scale bar, 10 µm. (b) Relative resistances of e-skins with interlocked microdome 
(circle) and single planar (triangle) geometries as a function of applied pressure for different rGO 
loading concentrations. (c) Relative resistances of e-skins with interlocked microdome (red) and single 
planar (black) geometries as a function of temperature for 1 wt. % rGO. (d) Schematic illustration of 
the loading of a water droplet onto the e-skin. (e) and (f) Time-dependent variation of relative resistances 
and temperature immediately after the loading of the water droplets on the e-skins at (e) different 
temperatures (droplet pressure: 2 Pa) and (f) different pressures (droplet temperature: 40 C). (g) Time-
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dependent variation of relative resistances after the loading/unloading cycles of objects with various 
pressure and temperature values on top of an interlocked e-skin. (h) and (i) Magnified variation of 
relative resistances at the moment of loading/unloading cycles in (g) showing the detection and 



















Figure 5.12. Relative resistance of e-skin as a function of wide dynamic range of applied pressure from 





Figure 5.13. Minimum pressure detection of ferroelectric e-skins. (a) Electrical resistance changes in 
response to tiny normal forces generating from static (pushing) or dynamic (drawing) movements of 
the human hair. The pressure detection level was determined by measuring the hair pushing weight on 
the e-skin (sample size of 4 cm2). (b) Electrical resistance changes in response to weak gas flows with 
different flow rate from 1.59 to 5.84 m/s. The inset shows a schematic illustration of a setup for the gas 
flow detection. The photograph shows the weight of gas flow with a flow rate of 1.59 m/s, which 




Figure 5.14. Stability of the piezoresistive pressure sensor under repetitive application and release of 









Simultaneous monitoring of artery pulse pressure and temperature. The pulse waveform of the 
radial artery can be used for the real-time and non-invasive diagnosis of cardiovascular problems 
associated with arteriosclerosis, hypertension, and diabetes.78 In particular, since the blood pressure is 
easily influenced by environmental changes, wearable blood pressure monitoring devices are required 
for the measurement of average daily blood pressure to accurately analyse cardiovascular problems.207 
While capacitive,18, 208 triboelectric,209 piezoresistive,79, 137 and piezoelectric210 pressure sensors have 
been introduced as wearable devices for the detection of artery pulse pressure, there have been no 
reports on the simultaneous detection of artery temperature as well as pressure. Information on the wrist 
skin temperature during the measurement of artery pulse pressure is critical in the accurate analysis of 
pulse waveforms because heat and cold stresses affect the vasoconstriction and vasodilation of blood 
vessels, which results in variation in the arterial stiffness and radial pressure.211 Our interlocked e-skin 
enables the simultaneous monitoring of temperature and artery pulse pressure when attached onto the 
wrist skin (Figure 5.16a). Depending on the skin temperature, the blood vessel undergoes vasodilation 
or vasoconstriction, which results in a decrease or increase in the pulse pressure, respectively (inset in 
Figure 5.16a). Figure 5.16b shows the typical piezoresistive read-out of wrist pulse pressure. Three 
distinguishable peaks (P1, P2, P3) are observed.179 Here, P1 (pulse pressure) is due to the blood flow 
ejected by heart contraction and is the difference between the systolic (PSys) and diastolic (PDia) 
pressures. On the other hand, P2 and P3 (reflected wave pressures) are generated by the reflected waves 
from the peripheral sites (hand for P2 and lower body for P3).  
The shape of the artery pulse wave is variable depending on the arterial stiffness, pulse wave velocity 
(PWV), and the reflected waves. For individuals with hypertension and for aged persons, the systolic 
and pulse pressures are augmented, owing to increased arterial stiffness, which causes increased PWV 
and early return of reflected waves.179 For the quantitative evaluation of arterial stiffness, the radial 
artery augmentation index (AIr = P2/P1), radial diastolic augmentation (DAI = P3/P1), and round trip 
time of reflected wave from the hand periphery (TR) are commonly used.179, 212 In Figure 5.16c, before 
physical exercise, the average values (from 5 pulse waves) of AIr and DAI under normal conditions are 
observed to be 0.45 and 0.31, respectively, which are consistent with the data provided in the literature 
on healthy 29-year-old males.179 After physical exercise, the pulse rate increases to 84 beats/min from 
72 beats/min under normal conditions and the pulse intensity increases as a result of increased cardiac 
output to rapidly provide blood to the activated muscles. In addition, owing to vasodilation of the 
muscular arteries after exercise, P2 is reduced, resulting in a decrease in the augmentation index (AIr = 
0.36, DAI = 0.21), indicating decreased arterial stiffness. We also observe that the relative resistance 
decreases to 0.94, owing to increase in the skin temperature after exercise.  
To investigate the skin temperature-dependent variation of pulse pressure of the radial artery, the 
interlocked e-skin was used to acquire the arterial pulse pressure immediately after immersion of the 
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hand into a water bath at various temperatures (2042 C) for 2 min. With increase in the skin 
temperature from 20 to 42 C, the relative resistance of diastolic pressure (PDia) decreases from 1.40 to 
0.65 (Figure 5.16d). In addition, the arterial pulse pressure clearly shows different waveforms 
depending on the temperature (Figure 5.16e). Here, all the pulse and reflected wave pressures (P1, P2, 
and P3) decrease with increase in the temperature. Detailed analyses of the variations in the pulse 
waveforms are shown in Figure 5.16f. The relative resistance linearly decreases with increase in the 
skin temperature, which results in a slope of 3.3 %/C, which is close to the TCR value (2.93 %/C) of 
the interlocked e-skin (Figure 5.11c). This linear relationship between resistance and temperature can 
be used to directly monitor the skin temperature during the measurement of arterial pulse pressure. With 
increase in the skin temperature from 20 to 42 C, the values of AIr and DAI decrease from 0.54 and 
0.31 to 0.27 and 0.09, respectively. This phenomenon could be attributed to the cold and heat stress-
induced vasoconstriction and vasodilation of blood vessels in the radial artery under normal conditions 
(skin temperature of 32 C), which results in an increase (or decrease in the case of heat stress) in arterial 
stiffness and thus, an increase in the blood pressure, reflection wave, and PWV.213 In addition, TR 
increases from 142 to 248 ms with increase in the temperature. The increase in the delayed time of the 
reflective wave with increase in the temperature is attributed to the reduced cardiac output and increased 
compliance of the blood vessel (arterial stiffness). Compared to traditional arterial tonometry with only 
pressure sensing functions,212 the interlocked e-skin, which has both pressure and temperature sensing 





Figure 5.16. Piezoresistive e-skin with interlocked microdome array for simultaneous monitoring of 
artery pulse pressure and temperature. (a) Photograph of a wearable e- skin for the monitoring artery 
pulse pressure and temperature. The enlarged schematic illustrations indicate the effect of temperature 
on the constriction (cold) and dilation (warm) of arterial vessels. (b) Relative resistance variations in 
response to artery pulse pressure. The pulse pressure waveform consists of three peaks corresponding 
to pulse pressure (P1) and reflected wave pressures from the hand (P2) and lower body (P3). P1 is the 
difference between the systolic (PSys) and diastolic (PDia) pressures. (c) Variation of the pulse pressure 
waveforms before (black) and after (red) physical exercise. (d) Relative resistance change of the artery 
pulse pressure waveforms as a function of skin temperature (20 - 42 C). (e) Comparison of the variation 
of artery pulse pressure waveform at different skin temperatures. The data in (d) is used with the data-
offset modification for the comparison. (f) The blood pressure and temperature information acquired 
from the measurements in (e); variations of relative resistance (R/R0) (black), radial artery augmentation 
index (AIr = P2/P1) (blue), radial diastolic augmentation index (DAI = P3/P1) (green), and round-trip 
time for the reflected wave from the hand periphery (TR) (purple) as a function of skin temperature. 
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Piezoelectric e-skins for the detection of dynamic touch and acoustic waves. Our ferroelectric e-
skins with interlocked geometry also enable the piezoelectric perception of dynamic tactile stimuli. 
Compared to planar piezoelectric films, the interlocked e-skin with a larger contact area and stress 
concentration effects at the small contact spots between the microdomes, can induce a larger 
deformation and thus a higher piezopotential, resulting in improvements in the piezoelectric 
performance (Figure 5.17a).167 For the planar films, the addition of GO into PVDF can enhance the 
piezoelectricity, but further reduction of GO into rGO decreases the piezoelectricity (Figure 5.17b). We 
observed that the increase of film conductivity with the increase of rGO reduction time resulted in the 
decrease of piezoelectric performance (Figure 5.18). This behavior can be attributed to the enhanced 
screening of piezoelectric polarization with the increase of film conductivity.214, 215 The piezoelectric 
current of the interlocked microdome films depends on the applied normal forces with a sensitivity of 
35 µA/Pa below 2.45 kPa and 5 µA/Pa in the range of 2.45 to 17.15 kPa (Figure 5.17b). The 
piezoelectric current and voltage gradually increase with increase in the applied impact frequency (0.1 
~ 1.5 Hz) (Figure 5.17c). This behavior can be attributed to the viscoelastic property of PVDF polymers, 
in which the dynamic modulus increase with the increase of frequency.216 Because the piezoelectric 
current and voltage are known to be proportional to elastic modulus of piezoelectric materials,217 the 
increase of frequency results in the increase of piezoelectric output. The piezoelectric current is also 
dependent on the strain rate, which leads to the increase of current with the frequency.218 In addition, 
the slow adjustment of the piezoelectric charges to balance the piezoelectric potential can also leads to 
the frequency dependent piezoelectric output.218, 219 This frequency-dependent increase in the 
piezoelectric output could find applications in self-powered systems,219 accelerometers, and 
vibrometers.34 While the piezoelectric e-skins are insensitive to sustained static pressure, the 
instantaneous generation of piezoelectric current enables the detection of rapid variation in dynamic 
forces. Figure 5.19 shows piezoelectric and piezoresistive signal variations of the e-skins in response to 
the applied pressure (8.56 kPa) with different impact frequencies (0.3 – 5.0 Hz). While both the 
piezoelectric and piezoresistive responses follow dynamic pressure loadings for frequencies below 3.3 
Hz, for frequencies over 5 Hz, only the piezoelectric signals properly respond to the dynamic pressure 
loadings.  
The instantaneous deformation and relaxation of interlocked microdome arrays and the subsequent 
changes in the piezoelectric currents enable the detection of sound waves consisting of high frequency 
vibrations. To demonstrate the sound detection capabilities, sound waveforms from a speaker were 
monitored by the interlocked e-skins (Figure 5.17d). The piezoelectric voltage of the interlocked e-skin 
increases with increase in the sound frequency, reaches a maximum value at 2000 Hz, and then 
gradually decreases (Figure 5.17e). On the other hand, planar e-skins do not exhibit any noticeable 
changes in the piezoelectric voltage. Figure 5.17f shows the piezoelectric voltage waveforms observed 
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in response to the sounds of various alphabets such as S, K, I, and N from a speaker. While the time-
dependent variation of the voltage waveforms of the interlocked e-skins precisely match the acoustic 
waveforms from the speaker, the planar e-skins are unable to monitor the time-dependent variation of 
the acoustic waveforms. To demonstrate the monitoring of a full sentence of acoustic waveforms, the 
well-known speech titled “There’s plenty of room at the bottom” by Richard Feynman was played to 
the interlocked e-skins over a commercial microphone (Figure 5.17g). The time-dependent position and 
intensity of the piezoelectric voltage waveforms and the corresponding spectrograms agree well with 
the acoustic waveforms and spectrograms of the acoustic sound of the sentence. A commercial 
microphone, on the other hand, cannot exactly monitor the time-dependent variation of acoustic 







Figure 5.17. Piezoelectric e-skin with interlocked microdome array for dynamic touch and acoustic 
sound detection. (a) Piezoelectric output currents of e-skins with (upper) interlocked microdome array 
and (bottom) single planar geometries. (b) Pieozoelectric pressure sensitivities of the e-skins fabricated 
with different materials and device structures. (Frequency of loading pressure: 0.5 Hz) (c) Piezoelectric 
output voltage and current under repetitive impact pressure loadings at different frequencies (0.1-1.5 
Hz) for the static normal loading force of 8.56 kPa at a fixed pushing distance of pushing tester. The 
measurements (d) Schematic illustration of the sound detection tests using the piezoelectric e-skins at 
the sound intensity of 96.5 dB. The sensor distance from the speaker is 2 cm. (e) Variation of the 
piezoelectric voltage in response to acoustic waves of different frequencies. (f) The waveforms of 
acoustic sound for different alphabets (‘s’, ‘k’, ‘i’, and ‘n’) (black). The read-out voltage signals from 
the interlocked microdome (red), and planar e-skins (blue). (g) The waveform and short-time Fourier 
transform (STFT) signals of the original sound (‘There’s plenty of room at the bottom’, black) extracted 




Figure 5.18. Effect of conductivity on piezoelectric outputs. (a) Film conductivity as a function of 
reduction time. (b) Piezoelectric output currents of e-skins with single planar geometry as a function of 
applied pressure for different film reduction times.    
 
 
Figure 5.19. Comparison of the piezoelectric and piezoresistive signal variations of e-skins in response 





Piezoelectric e-skins with fingerprint-like patterns for texture perception. The rapidly adaptive 
piezoelectric e-skins enable the spatial and temporal encoding of tactile signals, which facilitate the 
perception of surface textures. For this purpose, e-skins were attached to a microstage (Figure 5.20a, 
middle) and scanned over a surface texture (Figure 5.20a, bottom) at different scanning speeds. In 
particular, mimicking the fingerprint patterns on human hands, we employed parallel ridges (pitch: 470 
µm, ridge width: 163 µm) on the surface of the e-skins (Figure 5.20a, top) for the amplification of 
texture-induced vibrations.220 Figure 5.20b displays the time-dependent variation of piezoelectric 
currents when the interlocked e-skin is scanned over a surface texture with parallel line patterns at 
different scanning speeds (0.25-2.5 mm/s). In addition to the oscillatory piezoelectric currents, periodic 
spikes (red arrows) in current are observed, owing to the regular topological features on the scanned 
surface.74 The intervals between the regular spike peaks decrease with increase in the scanning speed. 
Fast Fourier transform (FFT) spectra of these piezoelectric current signals indicate that there are 
fundamental frequencies (arrows) associated with each scanning speed and harmonics with decreasing 
amplitudes (Figure 5.20c).221 The fundamental frequency agrees well with the spatial frequency (f = v/) 
of the line patterns (grating period of 500 µm), which is determined by the scanning speed (v) and the 
grating period ().221  
Short-time Fourier transform (STFT) of the current signals further describe the time-dependent 
variation of the piezoelectric currents (Figure 5.20d). Scanning on the regular surface patterns induce 
periodic line patterns with respect to time in the frequency range below 30 Hz, the number of which 
increases with increase in the scanning speed in the same time domain. At frequencies over 100 Hz, a 
specific frequency is observed for the entire time domain, which can be attributed to the vibrotactile 
signals induced by the small features on the surface (Figure 5.21). The frequency position increases 
with increase in the scanning speed. It is worth noting that both the fingerprint-like patterns and 
interlocked structures are critical in enhancing the perception of surface textures. The regular spike 
peaks in the piezoelectric currents and the corresponding periodic lines in STFT cannot be observed for 
the interlocked e-skins without the fingerprint-like patterns (Figure 5.22). While we observe periodic 
current peaks for the planar e-skins with fingerprint-like patterns, the intensities of the peaks in this case 
are lower than those for the interlocked geometry. For planar e-skins without fingerprint-like patterns, 
we do not observe any unique features in the surface texture-dependent frequency variation. When the 
modulus of regular surface patterns are varied, our e-skins can also discriminate the variation of surface 
hardness/softness (Figure 5.23). The visibility of periodic line patterns in STFT spectrum attenuates 
with the decrease of modulus. The interlocked e-skins with fingerprint-like patterns can also detect 
various surfaces with different roughnesses (Figure 5.20e). Continuous scanning on sandpaper, paper, 
and glass surfaces results in different STFT features, with the rougher surface (sand paper) exhibiting 
features with high amplitudes covering all frequencies below 30 Hz and the smoother surface (glass) 
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not exhibiting any noticeable frequency features. The texture perception capability of the e-skins also 
enables the perception of different surfaces on our hands (Figure 5.24a). The e-skins can even perceive 
different surfaces on the hair, facial skin, and whisker regions of our head (Figure 5.24b).  
In the tactile perception of human skin, the principal mechanoreceptor involved in the recognition of 
the surface texture changes depending on the element size of the texture. Slow adapting 
mechanoreceptors (Merkel Disk) perceive coarse roughness with element size above 100 µm, whereas 
fast adapting mechanoreceptors (Pacinian Corpuscle) change under fine roughness with element size 
below 100 µm.222 To investigate the perception of fine textures, e-skins are scanned (scanning speed of 
2.5 mm/s) over silicon substrates with different surface patterns and sizes (line: pitch size (P) = 80 µm, 
width (W): 10 µm; square: P = 80 µm, W = 20 µm; pentagon: P = 90 µm, W = 20 µm) (Figure 5.20f). 
Scanning across silicon line patterns in the perpendicular direction (Figure 5.20f, ii) induces periodic 
output current waves (Figure 5.20f, middle) and exclusive frequency bands near 30 Hz in the STFT 
spectrogram (Figure 5.20f, bottom), which are clearly recognizable when compared to the smooth 
silicon surface (Figure 5.20f, i). The 30 Hz frequency band observed at a scanning speed of 2.5 mm/s 
corresponds to a pitch of 83 µm, which is close to the inter-ridge distance of 80 µm. Scanning over the 
silicon line pattern in the parallel direction (Figure 5.20f, iii), on the other hand, does not result in a 
prominent frequency band near 30 Hz. The square pattern (Figure 5.20f, iv) generates frequency bands 
near 30 Hz, which are similar to the bands observed by perpendicular scanning on the line pattern. On 
the other hand, scanning on the pentagon pattern (Figure 5.20f, v) without any continuous inter-pattern 
gaps does not result in any noticeable frequency band near 30 Hz. We also observe a weak frequency 
band near 10 Hz for all the surfaces, which can be attributed to the stick-slip motions between the PDMS 
and silicon substrates.223 This stick-slip frequency near 10 Hz cannot be observed when the scanning 
speed is increased to 5 mm/s (Figure 5.25). These results indicate that the perception of fine and regular 




Figure 5.20. Piezoelectric e-skin with fingerprint-like patterns for texture perception. (a) Schematic 
illustration of the texture perception measurements, for which the e-skin is attached to a microstage and 
scanned over a surface. (top) SEM image of the fingerprint-inspired PDMS pattern. (bottom) SEM 
image of the PDMS substrate with periodic line-patterns (P: 470 µm, W: 163 µm). Scale bar, 200 µm. 
(b) Time-dependent variation of piezoelectric currents when the e-skin is scanned over the patterned 
surface at different scanning speeds (0.25-2.5 mm/s). (c) FFT spectra of time-dependent piezoelectric 
current signals in (b). (d) STFT spectrograms of the piezoelectric current signals in (b) for the low 
frequency range (0-30 Hz). (e) Perception of texture with different roughness. (top) SEM images of the 
sandpaper, paper, and glass surfaces. (bottom) STFT spectra of the corresponding output currents when 
the e-skin is scanned at 2.5 mm/s. Scale bar, 200 µm. (f) Perception of fine textures (< 100 µm). (top) 
SEM images, (middle) output current signals, and (bottom) STFT spectra of different silicon substrates 
with (i) planar, (ii) and (iii) line pattern (P: 80 µm, D: 10 µm), (iv) square pattern (P: 80 µm, D: 20 µm), 
and (v) pentagon pattern (P: 90 µm, D: 20 µm). The arrow indicates the scanning direction. Scale bar, 





Figure 5.21. STFT spectrograms of the piezoelectric current signals for the high frequency range (>80 
Hz) obtained by scanning on polydimethylsiloxane (PDMS) films with periodic line patterns as a 







Figure 5.22. Effect of e-skin structure and fingerprint patterns for texture perception. (a) Output 
electrical current, (b) High frequency components of the STFT spectra, and (c) Low frequency 
components of the STFT spectra obtained from the surface scanning results for various structure and 





Figure 5.23. Perception of hardness/softness of surface. (a) High frequency components of the STFT 
spectra, and (b) Low frequency components for the STFT spectra resulting from scanning over parallel 





Figure 5.24. Wearable e-skins for texture perception. (a) The texture perception capability of different 
surfaces on our hand. (i) Photographs of flexible and wearable e-skins wrapped onto the human finger 
and the palm and back of the human hand with indications of the different scanning directions. (ii) 
Magnified photographs of the fingerprints on the different sites of human hand skin; (1) centre of palm, 
(2) side of palm, and (3) back of hand. Scale bar, 500 µm. (iii) Output electrical currents, and (iv) Low 
frequency components of the STFT spectra obtained by scanning of textural surfaces in different 
scanning directions. The red arrows in the output electrical currents and STFT spectra indicate the 
texture signals from major lines on the palm. On the side of palm and back of hand, the strong texture 
signals are not observed. Instead, random lines with weaker intensities are observed in the STFT spectra 
due to the skin ridges on the palm and lines on the back hand. (b) Texture perception capability of 
different surfaces on the hair, facial skin, beard, and whisker regions of the human head. The high 
intensity red lines in the low frequency STFT spectra are observed when the scanning areas are on top 






Figure 5.25. Perception of fine textures for the low frequency range (< 30 Hz) obtained by scanning on 
polydimethylsiloxane (PDMS) films with periodic line patterns as a function of scanning speed. (a) 


















In conclusion, we have demonstrated the functionality of human-skin-inspired multimodal e-skins 
that enable spatio-temporal recognition of static/dynamic tactile stimuli (pressure, temperature, 
vibration). The design of our e-skin involves the fabrication of microstructures of ferroelectric 
rGO/PVDF composite films with interlocked microdome arrays and fingerprint-like microridges on the 
surface of the films, which enhance the piezoelectric, pyroelectric, and piezoresistive sensing 
capabilities of the ferroelectric composite films for static and dynamic tactile and thermal signals. 
Compared to planar ferroelectric films, we have shown that the geometry of the interlocked microdome 
arrays significantly enhances the tactile sensitivities, enabling the detection of minute variations in 
temperature, pressure, and acoustic vibration. Furthermore, the employment of fingerprint-like 
microridges on top of the interlocked e-skins has been shown to significantly enhance the vibrotactile 
signals when the e-skins are scanned over a textured surface, enabling the perception of surface textures 
with various roughness and pattern shapes. For proof-of-concept demonstrations, we showed the 
temperature-dependent pressure monitoring of artery vessels, high-precision acoustic sound detection, 
and surface texture recognition of various surfaces. All of these capabilities provide a solid platform for 
the application of the e-skins fabricated in this study in humanoid robotics, flexible sensors, and 






Chapter 6. Multilayered ferroelectric electronic skins with ultrahigh 




Rapid advances in physical/chemical sensors, wireless communication, and energy storage systems 
are driving the interest in wearable electronic devices, such as smartwatches, smartbands, and 
smartglasses, which enable the monitoring and diagnosis of the personal health status in real-time.161 
Flexible electronic skins (e-skins), which mimic perceptive functions of human skin, have attracted 
strong research interest as essential components of potential applications in robotics, prostheses, and 
wearable healthcare monitoring devices. High sensitivity, fast response time, mechanical flexibility, and 
durability are major requirements for e-skins used for these practical applications and various 
approaches focused on the improvement of these attributes.18, 24, 79, 88 Another significant requirement 
for e-skins with human skin-like tactile sensing properties is the discrimination of spatiotemporal tactile 
stimuli, including static and dynamic pressure, which allows dexterous manipulation of objects and the 
perception of vibration and surface textures.43, 224 In addition, to use e-skins for various applications as 
a single device, they should have a large dynamic sensing range and linear pressure-sensing capability 
to constantly maintain their high sensitivity, even in the high-pressure region.162, 225 E-skins with a high 
sensitivity over a broad sensing range can perceive, for example, subtle pressure of light breeze and 
respiration (<1 kPa), medium pressure of pulse pressure and gentle touch (1–10 kPa), and large pressure 
of plantar foot pressure (>10 kPa). Furthermore, e-skins with linear sensing ability over a large dynamic 
range do not require additional complex signal processing, which meets the increasing demand for 
device miniaturization and low power consumption. Although several approaches have been adopted to 
improve some of the aforementioned requirements of e-skins, the combination of all of these properties 
in a single e-skin remains a challenge.6, 47, 162 
As an ideal sensory system, human skin can perceive and differentiate various tactile sensation under 
different mechanical stimuli.191 In particular, various sensory receptors are embedded in the human skin, 
which transduce information from applied stimuli, such as magnitude, distribution, and frequency, into 
tactile sensation.121 In addition, the special intermediate ridge structure between dermal and epidermal 
layers efficiently transmits tactile signals from the skin surface to sensory receptors located in 
interlocked ridge structures due to the effective stress concentration between dermal and epidermal 
layers with different moduli.52, 86, 226 To mimic tactile sensing functions and structures of human skin, 
various types of e-skins based on different signal transduction modes, including piezoresistivity, 
capacitance, piezoelectricity, and triboelectricity, have been developed.11, 34, 72, 90, 92, 93, 137 In particular, 
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various types of microstructures (e.g., micropyramid, microdome, and micropillar) have attracted much 
attention with respect to the improvement of sensing characteristics of e-skins such as sensitivity, 
response time, sensing range, and durability.161 Recently, Pan et al.24 demonstrated hollow sphere 
microstructure-based pressure sensors with a high sensitivity of 133 kPa−1 and Su et al.175 designed an 
irregular microstructure for a mimosa-inspired pressure sensor with a high sensitivity of 50.17 kPa−1. 
However, the high sensitivity is only valid in subtle pressure regions (<100 Pa) and they can only detect 
static pressure using the piezoresistive sensing of e-skins. To differentiate spatiotemporal tactile stimuli, 
interlocked microdome-based e-skins have been suggested.43 This work showed highly sensitive and 
multifunctional tactile sensing performance with various transduction modes, but the dynamic pressure-
sensing range was still under 50 kPa and a linear sensing capability could not be achieved. Therefore, 
a significant challenge remains in the development of e-skins with new device designs to realize a large 
dynamic pressure range and linear tactile sensing performances. 
In this chapter, we demonstrate a flexible ferroelectric sensor with ultrahigh pressure sensitivity and 
linear response over an exceptionally broad pressure range based on the ferroelectric composites with 
a multilayer interlocked microdome geometry. Due to the conductive and ferroelectric nature of 
polymer composites comprising poly(vinylidene fluoride) (PVDF) and reduced graphene oxide (rGO), 
our e-skins can perceive and differentiate static and dynamic pressures using piezoresistive and 
piezoelectric modes. Each layer of e-skins comprises interlocked microdome arrays inspired by 
interlocked ridge structures between the dermal–epidermal layers, and three interlocked layers are 
stacked for the fabrication of multilayer e-skins. While previous pressure sensors exhibit nonlinear or 
narrow range linear sensing, our e-skins can maintain their high sensitivity and linear response over a 
broad pressure range due to the increased contact area change and efficient stress distribution between 
stacked layers compared with single-layered e-skins (Figure 6.1a). The multilayer e-skins can 
constantly maintain an ultrahigh sensitivity of 47.7 kPa−1 over an exceptionally broad pressure range of 
0.0013 – 353 kPa. Furthermore, our sensor displayed a fast response time (20 ms) and high reliability 
over 5,000 repetitive cycles even at extremely high pressure of 272 kPa. For proof of concept, our e-
skins were used for the monitoring of diverse stimuli from low to high pressure range (Figure 6.1b). 
For example, our e-skins were used for precise detection of weak gas flow and acoustic sound in a low 
pressure regime and for monitoring respiration and pulse pressure in a medium pressure regime. In 
addition, the large dynamic range pressure-sensing capability of e-skins was employed for plantar 





6.2 Experimental Details 
Preparation of ferroelectric and conductive composite films: GO was prepared based on a 
modified Hummers method.227, 228 Briefly, graphite powder (SP-1, Bay Carbon), K2S2O8 (Sigma 
Aldrich), and P2O5 (Sigma Aldrich) were dispersed in concentrated H2SO4 solution (Sigma Aldrich). 
The mixture was stirred at 80 °C for 4.5 hours. This solution was then diluted with deionized (DI) water, 
followed by filtration and DI washing to achieve a neutral pH. The resulting filtrate was dried under 
30 °C vacuum conditions overnight. The preoxidized graphite was dispersed in concentrated H2SO4. 
Subsequently, KMnO4 (Sigma Aldrich) was slowly added to the solution under vigorous stirring, 
followed by stirring at 36 °C for 2 hours. The mixture was gradually diluted with DI water, followed by 
stirring at 36 °C for 2 hours. Subsequently, 30% H2O2 (Sigma Aldrich) was added to this mixture, which 
resulted in a color change to bright yellow with violent bubbling. This mixture was then stirred for 1 
hour and centrifuged several times in 10% HCl to remove residual salts. The resulting mixture was 
subjected to dialysis to adjust the acidity. Finally, the solution was concentrated by drying under 30 °C 
vacuum conditions and dispersed in dimethylformamide (DMF) solvent by sonication to obtain GO–
DMF solution. Prior to blending graphene and PVDF (Sigma Aldrich; molecular weight ≈534,000), 
PVDF was first dispersed in DMF solvent and the dispersed PVDF–DMF solution (20 wt%) was mixed 
with GO–DMF solution (10 mg/mL) in the desired mixing ratio. The prepared GO/PVDF was poured 
on the glass substrate for planar composite films and a microdome-patterned mold (diameter ≈10 µm; 
pitch ≈12 µm; height ≈4 µm) for microdome composite films. The casted solution was first dried on a 
heating plate at 50 °C for 12 hours and then annealed in a vacuum oven at 160 °C for 2 hours to reduce 
GO to rGO and remove residual DMF solvent. 
Multilayer e-skin fabrication: For the interlocked microdome structure, two microdome-patterned 
rGO/PVDF composite films with patterned sides face each other. The multilayer structure was 
fabricated by stacking several layers of interlocked microdome structures with adhesive layers, which 
had a similar thickness with a single rGO/PVDF composite film. Finally, two copper electrodes were 
attached to the top and bottom side of the multilayer interlocked microdome composite films using 
silver paste. To fabricate 3  3 and 4  8 pixel arrays, the PET supporting layers were coated with a 
platinum electrode with a mask using sputter coating system (Hitachi, E-1045) and multilayer 
interlocked microdome rGO/PVDF composite films were sandwiched by patterned electrodes. 
Characterization: The microstructures and interlocked geometry of rGO/PVDF composites were 
analyzed by field-emission SEM (S-4800, Hitachi). To check ferroelectric properties, the crystal 
structures of pure PVDF and PVDF of composite films were measured by XRD spectroscopy (Bruker 
AXS, D8 ADVANCE) with CuK  radiation. The pressure-responsive electric properties of e-skins were 
measured using a semiconductor parameter analyzer (4200-SCS, Keithley) for piezoresistive signals 
and a sourcemeter (S-2400, Keithley) and oscilloscope (DPO 2022B, Tektronix) for piezoelectric 
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signals. The static/dynamic normal pressure was applied to e-skins with the pushing tester (JIPT, JUNIL 
TECH) at different frequencies. For the application of multilayer e-skins, the 3  3 and 4  8 pixel 
arrays were measured with a multichannel biosensor test system (OT15-3010D, ONTEST). 
Finite element calculation: The structural analysis of the interlocked microdome multilayers (single, 
double, and triple layer) was performed by finite element simulations (ABAQUS software). The contact 
area and stress between different numbers of interlocked layers were numerically calculated as a 
function of the applied pressure. All the simulated top and bottom layers comprised rGO/PVDF 
composite films with interlocked microdome structures (10 µm in diameter and 12 µm in pitch) and 
PET-based adhesive layers. The occupied areal ratio of adhesive layer, partly located at the edges of 
film, is ~14 % in simulated condition, which is almost equal with the experimental values (~12 %). The 
elastic modulus of the rGO/PVDF and PET materials was 2.5 GPa and 1.0 GPa, respectively, which is 
consistent with experimental values. We implemented general surface-to-surface contact interaction 
with linear elastic deformable materials to consider the mechanical contact interaction between the 





6.3 Results and Discussion 
A schematic of interlocked microdome multilayer e-skins for highly sensitive, linear, and large 
dynamic range pressure sensors is shown in Figure 6.1c. To fabricate conductive and ferroelectric 
rGO/PVDF composite films, mixtures of graphene oxide (GO) sheets with a PVDF matrix in 
dimethylformamide (DMF) were cast onto a microdome patterned mold and dried at 50 °C for 12 hours. 
Subsequently, GO/PVDF films were annealed at 160 °C for 2 hours to completely remove residual 
DMF and reduce GO to rGO. Figure 6.1d shows the cross-sectional scanning electron microscopy (SEM) 
image of an rGO/PVDF composite film with interlocked microdome multilayer structures. Figure 6.1e 
shows a layer with interlocked microdome structures, where the microdome is 10 μm in diameter, 4 μm 
in height, and 12 μm in pitch size (Figure 6.1f). To check the ferroelectric properties of rGO/PVDF 
composite films, we performed X-ray diffraction (XRD) spectroscopy analysis on pure PVDF films, 
GO/PVDF, and rGO/PVDF composite films (Figure 6.2a). Pure PVDF film shows 2θ diffraction peaks 
at 18.0 °, 18.7 °, 20.2 °, and 26.9 ° which correspond to the (100), (020), (110), and (021) reflection 
planes of the nonpolar α-phase of PVDF.229 In contrast, PVDF of GO/PVDF composite films has a 
strong polar β-phase based on the 2θ diffraction peak at 20.7 ° and a weak γ-phase based on the 2θ 
diffraction peaks at 19.0 ° and 20.4 °.229 The polar β-phase crystal structure can be maintained even 
after the reduction of GO to rGO under high-temperature annealing. To further investigate the phase 
transition of PVDF, the crystal structure of PVDF in rGO/PVDF composite films was investigated 
under different rGO loading concentrations (Figure 6.2b). With an rGO loading over 0.5 wt% of the 
composite film, all characteristic peaks of the nonpolar α-phase disappeared and new diffraction peaks 
due to the polar β-phase of 2θ at 20.7 °, corresponding to (200/110), and due to the polar γ-phase of 2θ 
at 19.0 ° and 20.4 ° occurred. The formation of a polar crystal structure of PVDF in composite films, 
even without additional electric poling process, can be attributed to the steric effect between rGO sheets 
and PVDF molecules.230, 231 In addition to ferroelectric properties, the conductivity of rGO/PVDF 
composites increased with increasing rGO loading concentration after the reduction of GO to rGO 
(Figure 6.3). To mimic the interlocked ridge structures between dermal–epidermal layers, rGO/PVDF 
composite films with interlocked microdome arrays were used in each layer of the multilayer e-skins 
(Figure 6.1e). Finally, three interlocked layers were stacked for the fabrication of multilayer e-skins 





Figure 6.1. Applications and schematics of multilayer interlocked microdome e-skins. (a) Schematic 
showing the different pressure sensing trends between single-layered e-skins and multilayer e-skins. (b) 
Various applications to show the highly sensitive and large range pressure sensing by multilayer e-skins. 
(c) Schematic of multilayer e-skins. (d) Cross-sectional scanning electron microscopy (SEM) image of 
a microdome-patterned rGO/PVDF composite film with multilayer stacked structures. (e) Cross-
sectional SEM image of the interlocked microdome geometry of an rGO/PVDF composite film. (f) 





Figure 6.2. X-ray diffraction (XRD) spectroscopy of (a) a pure PVDF film, 2 wt% GO/PVDF, and 2 









The multilayer structure of interlocked microdome arrays enables e-skins with highly sensitive and 
linear pressure-sensing capabilities over an exceptionally broad pressure range. The multilayer e-skins 
are based on conductive composites of interlocked microdome arrays, which can detect static pressure 
using a piezoresistive sensing mode. Figure 6.5 shows the piezoresistive pressure sensing of multilayer 
e-skins based on the bulk film resistance (Rf) and contact resistance (Rc), where large amount of 
differences in contact resistance is dominant in e-skins with interlocked microstructures.45 As 
previously reported, although the small contact area between interlocked microdomes sharply increases 
due to the stress concentration effects and the subsequent deformation of microdomes, resulting in an 
extremely high pressure sensitivity, the linear pressure-sensing over a large pressure range is quite 
limited and the sensitivity significantly decreases when the pressure is over 1 kPa.45, 46 These issues can 
be addressed with multilayer structures, which significantly increase the linearity of pressure sensing 
and maintain the high pressure sensitivity over a range of several hundred kPa. Figure 6.4a shows that 
interlocked microdome structures can enhance the pressure sensitivity compared with planar structures. 
Of particular importance, the linearity increases with the increase of interlocked microdome layers, 
indicating the important role of multilayer structures in enhancing the pressure linearity over large 
pressure ranges. Figure 6.4b shows the pressure sensitivity of e-skins with different numbers of stacked 
layers and planar structures. The pressure sensitivity (S) can be defined as S = (I/I0)/P, where I is the 
current of the e-skins and P is the applied pressure. The interlocked microdome e-skins with different 
stacked layers have a sensitivity of at least four orders higher than that of planar e-skins. Importantly, 
e-skins with triple-stacked multilayers maintain their high sensitivity of 47 kPa−1 over an exceptionally 
broad pressure range (0.0013–353 kPa), demonstrating the linear pressure-sensing capability. In 
contrast, single- and double-layered e-skins can linearly detect the pressure with a pressure sensitivity 
of 20 kPa−1 up to 54 kPa and 27 kPa−1 up to 190 kPa, respectively. Their high sensitivity gradually 
decreases beyond the linear detection pressure region. Further increase of the interlocked layers over 
three layers results in a rather small increase of the sensitivity; i.e., the pressure sensitivity increased 
from 47 kPa-1 for three interlocked layers to 52 and 54 kPa-1 for four and five interlocked layers, 
respectively (Figure 6.6). In comparison with previous literature, the e-skins with triple multilayer e-
skins exhibit a very high sensitivity over an exceptionally broad pressure range (0.0013–353 kPa) with 
a linear response to pressure (Figure 6.4c and Table 6.1).9, 20, 21, 44, 47, 137, 156, 162, 165, 232, 233 Most of sensors 
exhibited a linear range below 60 kPa. Only a few sensors (Figure 6.4c) showed a linear range over 60 
kPa, but the sensitivities were below 0.026 kPa-1. Although some of previous pressure sensors reported 
a higher sensitivity than our sensor, they exhibited a nonlinear response3 or only have been achieved at 
low pressure range (< 100 Pa).175 The simultaneous achievement of linear sensing capability with a high 
sensitivity of 47 kPa−1 over a large pressure-sensing range from 1.3 Pa to 353 kPa has not been made 
in previous works.  
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To elucidate the structural effect of stacked multilayers on pressure sensitivity and linearity, we 
performed finite element calculations based on the model system with different numbers of interlocked 
layers (Figure 6.7a). Figure 6.4d shows the calculated contact area change of three different multilayer 
e-skins as a function of the applied pressure. The contact area of the interlocked microdome structures 
rapidly increases from almost zero in the initial unloading state to an extremely high value in the high-
pressure loading state, which is attributed to the concentrated and amplified stress at a small spot 
between interlocked microdomes that greatly deforms the interlocked microdomes, resulting in the 
significant increase of the contact area (Figure 6.7b). With increasing number of stacked layers, the 
contact area dramatically increases due to the increased number of contacted microdomes. The contact 
area changes in Figure 6.4d also indicates that the linearly increasing contact area starts to decrease at 
a pressure over ≈244 and 148 kPa for double- and single-interlocked layers, respectively, which matches 
the trend in Figure 6.4a well. The multilayer geometry can enhance the linearity of pressure sensing 
because the multilayer interlocked microdomes can distribute the applied stress to each stacked layer 
(Figure 6.4e). As a result, pressure sensitivity and linearity increase with an increase in the number of 
layers in multilayer e-skins. We also investigated the effect of the rGO loading concentration on the 
pressure-sensing performances of multilayer e-skins. Figure 6.8 shows the pressure-sensing 
performances of single- and multilayer e-skins with different rGO loading concentrations, which 
indicate that a 2 wt% rGO loading concentration is the best condition for multilayer e-skins (Section 
S6.1). In addition, the size of microdomes affects to the pressure sensing performances of multilayer e-
skins. Figure 6.9 shows the pressure response of multilayer e-skins with different size of microdomes 
(Section S6.2). 
To investigate the real-time pressure-sensing performances of multilayer e-skins, the relative current 
change of e-skins was measured under incremental pressure (Figure 6.4f). Under a step-by-step increase 
of pressure from 54 to 326 kPa, e-skins show a fast and linearly increasing current change. In the real-
time pressure detection, multilayer e-skins show slight increase of sensor signals under high pressure 
over 200 kPa, due to the slow response of the bulk film. Although there are some delayed pressure 
reading at high pressure, those delayed pressure calculated by sensitivity of multilayer e-skins (47 kPa-
1) was only 2-4 % of the applied pressure, which does not affect much on the detected pressure. In 
addition, the interlocked geometry can provide a fast response and relaxation time due to the immediate 
deformation and recovery of surface microstructures in response to the applied pressure.28 At a low 
pressure of 10 kPa, which corresponds to the pressure of gentle finger touch, multilayer e-skins show a 
fast response and relaxation time of 40 and 20 ms, respectively (Figure 6.4g), which are comparable to 
the response time of human skin (30–50 ms).234 Even at a high pressure of 200 kPa, which can induce 
significant microdome deformation, e-skins show a fast response/relaxation time of 150/30 ms. 
Furthermore, during repetitive cycles of high pressure loads of 272 kPa at a frequency of 0.5 Hz, e-
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skins show a reliable and uniform pressure-sensing performance up to 5,000 cycles (Figure 6.4h). 
 
S6.1 Dependence of rGO loading concentration on pressure-sensing performance of single- and 
multilayer e-skins 
The static pressure sensing performance of multilayer e-skins was highly affected by the loading 
concentration of rGO in rGO/PVDF composite films. Figure 6.8a plots pressure-sensing performances 
of single interlocked microdome e-skins with different loading rGO concentration. In single interlocked 
structures, e-skins with lower rGO concentration show higher pressure sensitivity, because the modulus 
of rGO/PVDF composite films increases with increasing rGO concentration, leading to reduced amount 
of deformation in interlocked microdomes.43 On the other hand, triple interlocked microdome e-skins 
show different trends, as e-skins with 2 weight percent (wt%) rGO loading concentration provide higher 
pressure sensitivity than e-skins with 1 and 3 wt% rGO loading concentrations (Figure 6.8b). This 
behavior can be attributed to the fact that the initial resistance of multilayer interlocked microdome e-
skins is much higher than that of single interlocked microdome e-skins due to the increased contact 
resistance between multilayer interlocked microdomes (Figure 6.8c). In triple interlocked geometry, the 
high initial resistance of e-skins with 1 wt% rGO/PVDF composites imposes a too high barrier for the 
pressure-induced variation of piezoresistive current. On the other hand, e-skins with 3 wt% rGO/PVDF 
composites are relatively stiff compared to 2 wt% rGO/PVDF composites, resulting in a lower pressure 
sensitivity. 
 
S6.2 Size dependence of microdomes on pressure response of multilayered e-skins 
To investigate the effect of size of microdomes on pressure sensing performances, we fabricated triple 
multilayer e-skins based on various size of microdome-patterned films (Figure 6.9a-c). Figure 6.9d 
shows the pressure responses of multilayer e-skins based on microdomes with different pitch size. The 
microdome arrays with larger pitch size provide smaller surface area and decreased number of contact 
spots between interlocked microdomes, resulting in lower sensitivity in multilayer e-skins. In addition, 
due to the diminished stress distribution between decreased number of contacted spots, multilayer e-
skins based on microdomes with larger pitch size show linear pressure sensing performances up to lower 
pressure range (217 kPa) than that of smaller pitch size, resulting in the sensitivity change from 22.8 
kPa-1 to 15.8 kPa-1 when the pressure is over 217 kPa. We also investigated the effect of different dome 
diameter on the performances of multilayer e-skins at the fixed dome diameter to pitch size ratio of 
0.833 (Figure 6.9e). We confirmed that the multilayer e-skins based on microdomes with various 
diameter sizes (10, 25, 50 μm) show similar pressure sensing performances, which can be attributed to 
the same ratio between dome diameter and pitch size, resulting in the same total contact area between 
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interlocked microdome arrays and contact area change in response to applied pressure. However, 
microdome patterned films with larger diameter will have larger thickness due to increased height of 
microdomes, which will cause decreased flexibility of e-skins. 
 
 
Figure 6.4. Piezoresistive static pressure-sensing performances of multilayer interlocked microdome e-
skins. (a) Relative current of e-skins with multilayer geometry with different numbers of stacked layers 
and planar geometry in response to the applied pressure. (b) Pressure sensitivity of e-skins converted 
from Figure 6.4a. (c) Comparison of the sensitivity and linear sensing performances based on this work 
and previous reports. (d) Finite element calculation of the contact area change as a function of pressure 
for different numbers of stacked layers. (e) Finite element calculations of the local stress distribution 
for different numbers of interlocked layers showing the concentrated and amplified stress at the small 
spot between interlocked microdomes under a pressure of 355 kPa. (f) Real-time pressure monitoring 
of e-skins at an applied pressure of 54, 108, 163, 217, 272, and 326 kPa. (g) Response and relaxation 
times for multilayer e-skins under different pressures of 10 and 200 kPa. (h) Cyclic stability test of 















Figure 6.7. Finite-element calculation showing the stress distribution in multilayer e-skins with single, 
double, and triple layers. (a) Model systems with different number of interlocked layers. (b) Stress 





Figure 6.8. (a) Static pressure-sensing performances of single-interlocked e-skins with different rGO 
loading concentrations. (b) Static pressure-sensing performances of triple-interlocked e-skins with 
different rGO loading concentrations. (c) Initial resistance of single- and triple-interlocked e-skins using 




Figure 6.9. Pressure-sensing performances of multilayer e-skins based on different size of microdomes. 
Cross-sectional SEM images of microdome arrays with (a) 10, 15, and 4 μm, (b) 25, 30, and 10 μm, (c) 
50, 60, 20 μm in diameter, pitch, and height, respectively. Relative current of multilayer e-skins based 


















Table 6.1. Summary of pressure sensors with linear pressure responses and their performances. 















Resistive 0.25 – 260 0.026 0.25 – 100  [47] 
3 Au NWs Resistive 0.013 – 50 
1.14 (<5 kPa) 
0.6 (<50 kPa) 








Resistive 0.015 – 3.5 
2.0 (< 0.22 kPa) 
0.87 (< 1 kPa) 
0.12 (< 3.5 kPa) 
0.015 – 0.22  [165] 
6 CNT microyarn Capacitive 
0.00038 – 
25 
0.05 (< 0.1 kPa) 
0.0005 (> 10 kPa) 














Resistive 0.6 – 60 15.9 0.6 – 60  [232] 
10 
Ecoflex dielectric 





0.0224 (< 16 kPa) 
0.00125 (< 360 
kPa) 




Resistive 0.016 – 40 
25.1 (<2.6 kPa) 
0.45 (<40 kPa) 

















Multilayer e-skins with high sensitivity, large dynamic pressure-sensing range, and linear detection 
capabilities can be used in diverse applications requiring a large dynamic pressure range from low to 
high pressure regimes. To demonstrate the low pressure detection capability of our e-skins, we applied 
weak gas flow to the surface of multilayer e-skins (Figure 6.10a). Figure 6.10b shows the piezoresistive 
response of multilayer e-skins under weak gas flow with flow rates ranging from 3 to 15 L/min. The 
gas flow rate of 3 L/min corresponds to an extremely low static pressure of ≈1.3 Pa, demonstrating the 
ultra-low minimum detection limit of our e-skins (Figure 6.11). Even in a very low pressure region, the 
real-time monitoring of weak gas flow exhibits no significant noise signals, indicating a stable operation 
of multilayer e-skins. (Figure 6.10c).  
In addition to piezoresistive static pressure sensing, multilayer e-skins can be used under dynamic 
pressure with high frequency due to the piezoelectric properties of rGO/PVDF composites. In this 
composite, conductive rGO fillers can transform the PVDF phase from the nonpolar α-phase to the 
polar β-phase, which can induce high piezoelectric properties.230, 231 Similar to the piezoresistive sensing 
mode, interlocked e-skins have higher piezoelectric performances due to the effective stress 
concentration at the small contact area between microdomes compared with planar structures (Figure 
6.10d). The introduction of multilayer geometry in e-skins provides a much higher piezopotential 
compared with single-interlocked e-skins due to the increased contact area between multilayer-
interlocked microdomes. The rGO loading concentration also affects the piezoelectric pressure-sensing 
performances of multilayer e-skins. Multilayer e-skins with a 2 wt% rGO loading concentration show 
slightly lower piezoelectric performances than those with a 1 wt% rGO loading concentration (Figure 
6.12). This behavior is attributed to the increasing film conductivity with higher rGO loading, which 
can decrease the piezoelectric polarization of composite films due to the leakage current.43, 214  
The fast response time of piezoelectric e-skins enables the detection of acoustic sound waves with a 
wide range of frequencies of up to several tens of kHz (Figure 6.10e). To demonstrate the sound 
detection performances of e-skins, sound waves were applied to multilayer e-skins using a 
commercially available microphone. The e-skins with triple-interlocked multilayers show the best 
sound wave detection performance due to the immediate contact/release of interlocked microdomes in 
response to vibrations and an increased overall contact area change (Figure 6.10f). The piezoelectric 
voltage output increases with increasing sound frequency of up to 20 kHz and then slowly decreases. 
In contrast, single-interlocked microdome e-skins have a slightly decreased piezoelectric voltage due 
to the reduced contact area and planar e-skins provide a tiny piezoelectric voltage. Figure 6.13 shows 
the fast Fourier transform (FFT) spectra of the piezoelectric signals of multilayer and planar e-skins 
after applying a sound wave with a single frequency of 1, 5, 10, and 20 kHz. The multilayer e-skins 
exhibit a single distinguishable peak according to each sound wave, where the amplitude is 0.006 at 1 
kHz and increases with the frequency of the sound wave (Figure 6.13a). On the other hand, the planar 
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e-skins reveal weak signals with the amplitudes below 0.0005 (Figure 6.13b), indicating a low 
piezoelectric sensitivity of planar e-skins compared with multilayer e-skins. 
The multilayer e-skins can precisely detect time-dependent variation of acoustic sound when the 
well-known piece “Piano Sonata K.545, 1st movement (W.A. Mozart)” was played. Here we chose 
electric guitar music, which covers a large range of frequencies. Figure 6.10g shows the time-dependent 
sound waveforms and corresponding spectrograms, which were converted using a short-time Fourier 
transform (STFT) of the original sound source (black) and recorded piezoelectric signals from 
multilayer e-skins (red) and planar e-skins (blue). The time-dependent sound waveform and 
corresponding spectrogram of music recorded by multilayer e-skins accurately match with those of the 
original sound source covering a large range of frequencies of up to 6 kHz. The enlarged plot of the 
frequency spectrogram further demonstrates the superior sound wave detection performance of 
multilayer e-skins (Figure 6.10h). Conversely, planar e-skins with low piezoelectric outputs could not 
precisely record the waveforms and spectrogram of the original music (Figure 6.10g, blue). The 
multilayer e-skins also precisely detected the variation of the sound waveform when the same music 
was played by different musical instruments. Figure 6.14a shows that the waveforms and corresponding 
spectrograms of the same music differ depending on the musical instruments (piano, guitar, electric 
guitar). The waveforms and frequency spectrograms recorded from multilayer e-skins in Figure 6.14b 
indicate that the information from music played by different musical instruments matches well with 





Figure 6.10. Application of weak pressure on multilayer e-skins. (a) Schematic illustration showing the 
detection of weak air flow by multilayer e-skins. (b) Relative current change of multilayer e-skins as a 
function of gas flow rate. (c) Real-time monitoring of gas flow by multilayer e-skins. (d) Piezoelectric 
dynamic pressure-sensing performances of e-skins with different multilayer structure geometries with 
different stacked layers and planar structures. (e) Schematic of sound wave detection by multilayer e-
skins. (f) Detection of the sound wave with single frequency for planar, single-interlocked, and 
multilayer interlocked microdome e-skins. (g) Sound waveforms and corresponding spectrograms 
converted by STFT from the original sound source (black), signals recorded from multilayer e-skins 





Figure 6.11. Applied pressure due to weak gas flow with a flow rate of 3 L/min. Considering the size 





Figure 6.12. (a) Dynamic pressure-sensing performances of single-interlocked e-skins with 1 and 2 wt% 
rGO/PVDF composite films. (b) Dynamic pressure-sensing performances of triple-interlocked e-skins 





Figure 6.13. Piezoelectric single sound frequency detection performances of (a) multilayer e-skins and 




Figure 6.14. (a) Sound waveforms and corresponding spectrograms converted by STFT of the original 
sound from a piano, guitar, and electric guitar (black). (b) Recorded piezoelectric waveforms and 
corresponding spectrograms from multilayer e-skins, converted by STFT of sound from a piano, guitar, 




In addition to low pressure-sensing performances, multilayer e-skins with high sensitivity and large 
pressure-sensing range with a linear sensing performance can be used for applications requiring the 
detection of medium pressure (1–20 kPa). For medium pressure sensing applications, highly flexible 
multilayer e-skins were used as wearable healthcare devices for the monitoring of human breathing and 
wrist pulses that are considered the four primary vital signs of human life (pulse rate, blood pressure, 
respiration rate, and temperature).235 For this purpose, multilayer e-skins were attached to the nostrils 
(Figure 6.15a). The multilayer e-skins clearly differentiate between weak and deep breathing signals of 
a volunteer (Figure 6.15b). The monitored weak breathing signals provide a breathing rate of 18 
breaths/min, which corresponds to that of healthy adults (12–20 breaths/min).236 In contrast, intentional 
deep breathing results in the increase of the signal intensity and decrease of the respiration rate to 12 
breaths/min. This capability of breathing detection allows the use of e-skins for applications such as 
diagnosing the sudden infant death syndrome and monitoring body health state during exercise. As 
other primary vital signs of human life, the monitoring of pulse signals provides medical information 
to diagnose and prevent cardiovascular diseases.179, 237 Figure 6.15c shows multilayer e-skins attached 
on wrist skin, which provide real-time monitoring of the wrist pulse pressure period and waveform 
(Figure 6.15d). A pulse frequency of 72 beats/min was recorded, which corresponds to the value of 
healthy adults.238 In addition, the pulse waveform contains three distinguishable peaks P1, P2, and P3, 
which correspond to incident, tidal, and diastolic waves, respectively.179 Based on these three peaks, the 
arterial stiffness of a volunteer can be diagnosed by analyzing the radial augmentation index (AIr = 
P2/P1), diastolic augmentation index (DAIr = P3/P1), and digital volume pulse time (ΔTDVP =tP2 – tP1), 
where tP1 and tP2 are the time of the first (P1) and second peak (P2), respectively. The calculated AIr, 
DAIr, and ΔTDVP values under relaxed conditions are 0.472, 0.264, and 0.196, respectively, which match 
the expected values for healthy adults in their mid-twenties.179 
The multilayer e-skins with pixel array possess the ability to perceive the magnitude and spatial 
distribution of various tactile stimuli. Figures 6.15e shows the schematic illustration of 3  3 pixel arrays 
of e-skins sandwiched by patterned electrodes. When different shapes of loads in the medium pressure 
region (≈2–20 kPa) are applied on e-skin arrays (Figures 6.15f–h), the sensor array can differentiate the 
compressed local regions from other regions, demonstrating the ability of e-skins to perceive the spatial 
pressure distribution (Figure 6.15f). The linear pressure-sensing capability of multilayer e-skins enables 
the precise perception of the magnitude and location of the applied pressure. When two different loads, 
with one load weighing twice than that of the other, are applied to the sensor array, the magnitude and 
difference of the applied pressure can be visualized by a color map (Figure 6.15g). In addition, for the 
large load size, the sensor array can differentiate between the center and corner areas of the object based 





Figure 6.15. Application of medium pressure on multilayer e-skins. (a) Photograph showing the 
detection of human breath by attaching multilayer e-skins to the nostril of a volunteer. (b) Monitored 
real-time signals of weak and deep breathing detected by multilayer e-skins. (c) Photograph showing 
the pulse pressure detection after attaching multilayer e-skins to wrist skin. (d) Real-time monitoring of 
the pulse signals and expanded pulse wave containing three peaks, i.e., P1 (incident wave), P2 (tidal 
wave), and P3 (diastolic wave), recorded by multilayer e-skins. (e) Schematic of the 3  3 sensor array 
for the multilayer e-skins with an ability to perceive the magnitude and spatial distribution of the applied 
pressure. (f–h) Schematics of the detection of applied pressure from different shapes and weights of 
















Monitoring of the foot pressure distribution is considered to be a useful tool in the fields of footwear 
design, sport biomechanics, and wearable healthcare systems.239 In particular, abnormal gait patterns 
and excessive foot pressure in certain areas may cause several diseases such as diabetic foot ulcer.240 In 
addition, representative symptom of patients with Parkinson’s disease was known as characteristic gait 
patterns, which are noticeably different with normal gait patterns.241 Therefore, monitoring of the 
walker’s gait patterns and posture enables the early diagnosis and progress monitoring of those diseases. 
Pressure sensors with highly sensitive and ultra large range pressure sensing capabilities up to several 
hundred kPa are required for the precise detection of the foot pressure distribution. In addition, linear 
pressure sensing is critical for directly comparing the foot pressure distribution of different areas using 
the contour color maps. Our multilayer e-skins have excellent potential for this purpose due to their 
high sensitivity (47 kPa-1) and linear pressure sensing over an exceptionally broad pressure range 
(0.0013–353 kPa). To fabricate a smart insole for the monitoring of the foot pressure distribution, we 
designed a sensor array consisting of 4  8 pixel e-skin arrays and supporting polyethylene terephthalate 
(PET) layers (Figure 6.16a). Firstly, to investigate the distribution of the low-pressure detection 
capability, a petri dish was placed upside down on the sensor array for the application of circular-
distributed low pressure below 300 Pa (Figure 6.16b). The corresponding map of the sensor array clearly 
shows the circular pressure distribution with different colors (Figure 6.16c). Our sensor array was used 
as a smart insole for the monitoring of the high foot pressure distribution experienced during walking. 
Figure 6.16d shows the schematics of five different walking motions and the corresponding color maps 
monitored by a smart insole based on multilayer e-skins. The smart insole precisely detects the foot 
pressure distribution, where red areas indicate concentrated high stress and blue areas reflect low stress, 








Figure 6.16. Application of high pressure to multilayer e-skins. (a) Schematic of the smart insole 
consisting of 4  8 pixel arrays of multilayer e-skins, patterned electrodes, and supporting PET layers. 
(b) Photograph of 4  8 pixel arrays of multilayer e-skins with pressure applied by an upside-down petri 
dish. (c) Corresponding pressure map. (d) Schematics of five walking motions on the smart insole to 
















In conclusion, we demonstrated a flexible ferroelectric sensor with high pressure sensitivity and 
linear response over an exceptionally broad pressure range. The suggested ferroelectric sensor is based 
on the rGO/PVDF ferroelectric composites with a multilayer interlocked microdome geometry. Our 
multilayer e-skins showed a simultaneous achievement of linear sensing capability with an ultrahigh 
sensitivity of 47 kPa−1 over an exceptionally large pressure-sensing range from 1.3 Pa to 353 kPa. The 
ultrahigh pressure sensitivity and linear response over an exceptionally broad pressure range can be 
achieved by the effective stress concentration, increased contact area, and stress distribution between 
multilayer interlocked microdome arrays, which has been also verified by the theoretical calculations. 
These sensing capabilities enabled our e-skins to monitor diverse stimuli from low to high pressure 
range. For example, our e-skins can precisely monitor the weak gas flow and acoustic sound in a low 
pressure regime, respiration and pulse pressure in a medium pressure regime, and plantar pressure 
monitoring in a high pressure regime. The suggested e-skins may be useful for diverse sensor 
applications requiring precise detection of pressure from extremely low to high pressure range such as 










The multi-functional mechanical sensitivity of biological tissues,121, 242 such as skin, is difficult to 
reproduce. In polymers that incorporate force-responsive molecules (i.e. mechanophores), mechanical 
force induces chemical transformations of mechanophores,243-245 enabling controlled 
colour/luminescence changes,246, 247 mechanocatalysis,248, 249 isomerisation,250 release of small 
molecules250, 251 and self-healing behaviours.252 Mechanochromic polymers that undergo colour changes 
in response to mechanical stress can be used to directly visualise the stress distribution and 
mechanochemical activations within polymers,246 which is advantageous for application in stress/strain 
sensing253-255 and damage monitoring in polymeric materials.256, 257 To induce stress-driven 
mechanochemical transformations, efficient transmission of mechanical stress through the polymer 
matrix and coupling to the mechanophore is critical. Various factors affect the efficiency of 
mechanochemical activation, including the mechanophore position in the polymer chain,246 polymer 
molecular weight,258 polymer chain alignment259 and temperature.260 Mechanochemical activation can 
also be enhanced by controlling the hard and soft blocks within the polymer. In this approach, soft 
polymer chains can be aligned parallel to the tensile direction via localised stress at the hard polymer 
blocks261, 262 or soft mechanophores and hard ligands enable mechanochemistry even under isotropic 
compressive force.263 However, most previously reported mechanochromic polymers exhibit 
mechanophore activation after irreversible plastic deformation257 or provide reversible stretchability at 
the expense of mechanosensitivity.255, 259, 264, 265 For use in sensing applications, e.g. electronic skins, 
mechanochromic polymers with high stress sensitivity and reversible stretchability under large strain 
are needed. Furthermore, conventional mechanochromic polymers cannot detect high-frequency 
dynamic forces, which is required for multifunctional e-skins.43, 266, 267 However, mechanochromic 
materials with all these properties are yet to be demonstrated. 
Stress concentration is a phenomenon that is well demonstrated in composite materials wherein stress 
concentrates at the interface between mechanically dissimilar materials, inducing localised crack and 
failure.268 In artificial and biological materials, hierarchical structures can dissipate stress from 
macroscale to smaller nanoscale structures, thereby enhancing mechanical strength and toughness. 269, 
270 Thus, controlling stress concentration in hierarchical structures may enable mechanochromic 
polymers with high mechanosensitivity and stretchability. Herein, we introduce a hierarchical 
nanoparticle-in-micropore (NP-MP) architecture in porous mechanochromic composites comprising 
spiropyran (SP), polydimethylsiloxane (PDMS) and silica nanoparticles (SNPs; Figure. 7.1a) to 
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enhance force sensitivity and stretchability. In this design, the SP mechanophore undergoes a force-
induced reversible ring-opening process from colourless SP to coloured merocyanine (MC).265 Upon 
the application of external stress to the mechanochromic composites, the hierarchical NP-MP 
architecture induces stress concentration near the pore regions decorated with SNPs, significantly 
enhancing the mechanochromic sensitivity. Our porous mechanochromic composites undergo 
mechanochromic colour change at lower strain/stress values (tensile strain: 50%; normal force: 1 N) in 
comparison with composites without the NP-MP architecture (tensile strain: 150%; normal force: 6 N). 
Furthermore, the failure strain of the hierarchical NP-MP structure (~400%) is larger than that of the 
planar structure (240%), enabling reversible mechanochromic behaviour at 250% tensile strain in the 
hierarchical NP-MP composite. In addition, our mechanochromic e-skins are capable of the dual-mode 
detection of static and dynamic forces without any external power. This property allows the 
instantaneous visualisation of writing intensity based on colour change, the monitoring of writing speed 




7.2 Experimental Details 
Fabrication of porous mechanochromic composites: The mechanophore (SP) was prepared via the 
chemical reaction shown below. The synthetic procedure and characterisation are detailed in a 
previously published report.265, 271 This alkene-functionalized spiropyran can be covalently incorporated 
into PDMS matrix via platinum-catalyzed hydrosilylation reaction of a PDMS curing agent.265 
 
The fabrication of the porous PDMS/SP composites was initiated by adding SP (2 wt%) into a 10:1 
mixture of PDMS (Sylgard 184, Dow Corning) and curing agent. Subsequently, hydrophilic solvents 
(DI water and ethanol) were added into the PDMS/SP precursor, affording PDMS: DI water: ethanol 
weight ratios of 3:2:0, 3:1.5:0.5 and 3:1:1. The resulting mixtures were mechanically stirred. SNPs 
(Polysciences) of different sizes (20, 100 and 300 nm) dispersed in DI water (1.07 wt% SNPs) were 
added to the mixtures of PDMS/SP precursor and solvents. The gel-type mixtures were poured into 
polyethylene terephthalate (PET) substrates and stored in a desiccator for 1 h to eliminate air bubbles 
from the PDMS. Subsequently, the prepared mixtures were annealed at 70C for 2 h to cure the PDMS 
and eliminate the hydrophilic solvents, generating porous mechanochromic composites. The as-
prepared composites were freeze-dried (TFD5503, ilShinBioBase) for 24 h to completely eliminate 
residual solvent.  
Characterisation of porous mechanochromic composites: The structures and morphologies of the 
porous mechanochromic composites were observed using field-emission scanning electron microscopy 
(S-4800, Hitachi). Mechanical property was measured using a dynamic mechanical analyser (RSA III, 
TA Instruments) under a stretching velocity of 1 mm/s.  
Evaluation of the colourimetric sensing capability of the e-skins: The mechanochromic properties 
of the e-skin were quantitatively evaluated as a function of pressure and strain by analysing the colour 
gradients (‘R’, ‘G’ and ‘B’) extracted from photographs using both a colour picker program (Color cop) 
and a spectroradiometer (PR-655, Photo Research, Inc.). Normal pressure was applied using a 
laboratory-built pushing tester comprised of a push–pull gauge (DFG-10, OPTECH) and a microstage 
system. Strain was applied using a tensile strain tester (TXA-TM, Yeonjin Corp.). A triboelectric sensor 
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was constructed by attaching silver nanowire flexible electrodes onto a PET substrate (thickness: ~1.3 
μm) on the top of the porous mechanochromic composite. The generated current and voltage outputs 
were collected using a source meter (S-2450, Keithley) and an oscilloscope (DPO 2022B, Tektronix), 
respectively. To confirm the dynamic acoustic pressure, a speaker was placed 1 cm from the e-skin and 


























7.3 Results and Discussion 
Porous mechanochromic composites with hierarchical NP-MP architecture. Porous 
mechanochromic composites with hierarchical NP-MP architectures were fabricated by mixing SP, 
PDMS and SNPs in hydrophilic co-solvents (water and ethanol), followed by the evaporation of 
solvents during the hydrosilylation curing process (Figure 7.2). During this process, spherical pores 
were formed within the composites as a result of phase separation between the hydrophobic PDMS 
matrix and hydrophilic solvents following the elimination of trapped solvents.272 The porous 
PDMS/SP/SNP composite films were then subjected to a freeze-drying process to eliminate residual 
solvent (Figure 7.3). The porous PDMS/SP/SNP composite films were light yellow in colour (Figure 
7.1b). The scanning electron microscopy (SEM) images in Figure 7.1b show that the porous 
PDMS/SP/SNP composites contained uniformly distributed pores with SNP-decorated inner pore 
surfaces, resulting in a hierarchical NP-MP architecture. The pore size was controllable to 5, 10 and 25 
m (referred to as pore-5, pore-10 and pore-25, respectively) by controlling the ratio of water to ethanol 
(Figure 7.4 and Section S7.1). The porosity remained constant (~36%) at the different pore sizes, 
whereas the surface area increased with decreasing pore size (Figure 7.5 and Section S7.1). In this study, 
the SNPs dispersed in hydrophilic water/ethanol droplets within the hydrophobic PDMS matrix were 
uniformly decorated on the inner pore surfaces during solvent evaporation (Figure 7.6a). SNPs with 
diameters of 20, 100 and 300 nm (referred to as SNP-20, SNP-100 and SNP-300, respectively) were 
uniformly decorated on the inner surfaces of the PDMS pores (Figure 7.6b, c).  
S7.1 Control of pore size and calculation of porosity in porous mechanochromic composite  
The pore size can be controlled by controlling the mixing ratio of water and ethanol. Upon increasing 
the ratio of ethanol in the solvent mixture, the surface tension decreases, resulting in the reduction of 
the size of solvent droplets in the composite (Figure 7.4a). Figures 7.4b depict the cross-sectional SEM 
images of the porous PDMS/SP composites with the relative mixing ratio of ethanol increases as 
PDMS:water:ethanol = 3:2:0, 3:1.5:0.5, and 3:1:1 in weight percent, the average pore size decreases in 
the order 25, 10, and 5 μm, respectively (Figure 7.4c).  
The porosity of the porous mechanochromic composites with different pore size can be calculated as 
follows  
Porosity (%) =  (1 −
𝜌𝑚
𝜌𝑏
) × 100 
Where 𝜌𝑚 is the material density of porous PDMS/SP composite and 𝜌𝑏 is the bulk density of 
PDMS/SP composite taken as 1.07g/cm3. The material densities depending on porous structures are 
estimated by measuring the dimensions (area and thickness) and mass (Figure 7.5a,b). The calculated 
porosities are approximately constant (~36%) regardless of the pore size, whereas the surface area 
increases as the pore size decreases (Figure 7.5c). 
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Figure 7.1. Hierarchical NP-MP architecture in porous mechanochromic composites. (a) Schematic of 
the working mechanism of porous mechanochromic composites with hierarchical NP-MP architecture. 
(b) Photograph and SEM images of porous (pore-5) mechanochromic composites comprising PDMS, 
SP and 300-nm SNPs (SNP-300). The SEM images show uniform spherical pores and SNPs decorated 
on the inner pore surfaces. (c) Stress–strain behaviours of the stretchable mechanochromic polymers 





Figure 7.2. Schematic of the fabrication procedure for porous mechanochromic composites with 
PDMS/SP/SNPs. SP, PDMS and SNPs are mixed in hydrophilic co-solvents (water and ethanol) and 





Figure 7.3. (a) Scanning electron microscope (SEM) image of a porous mechanochromic composite 
with an average pore size of 5 μm before freeze-drying. SEM images of a fabricated porous 
mechanochromic composite after three days before (b) and after (c) freeze-drying. Due to the capillary 
force-induced pore closure during solvent evaporation, freeze-drying is required to completely 





Figure 7.4. (a) Schematic of the mechanism of pore formation in composites based on the addition of 
hydrophilic solvents. (b) Cross-sectional SEM images of porous PDMS/SP composites with different 
mixed solvent ratios (PDMS:water:ethanol = 3:2:0, 3:1.5:0.5 and 3:1:1). The lower row shows 






Figure 7.5. (a) Simulated surface areas of porous mechanochromic composites with different pore sizes 
based on face-centered cubic (FCC) unit cell arrays. The porous structures are modelled according to 
average pore sizes of 25, 10 and 5 μm with the same porosity (26%) based on FCC unit cell arrays. 
Volume is determined as the total material volume, excluding the pore volume. Area is the total surface 
area of the porous structure. (b) Material densities of the fabricated porous mechanochromic composites 
with different pore sizes. (c) Porosity and surface area of porous mechanochromic composites as 






Figure 7.6. (a) Schematic of SNP decoration on the inner pore surfaces of a mechanochromic composite 
during heat-induced solvent evaporation. (b) Cross-sectional SEM images of porous PDMS/SP 
composites (pore size = 5 μm) with different SNP sizes (20, 100 and 300 nm). (c) Magnified SEM 













Structure-dependent mechanochromic properties in response to tensile strain. The hierarchical 
NP-MP architecture significantly affects the mechanical properties of the mechanochromic composite. 
Compared to the planar structure, the porous structure enhances the maximum strain and decreases the 
maximum stress (Figure 7.1c). The decoration of the porous composite with SNPs further increases the 
stretchability and maximum stress; this effect is attributed to the increase in energy dissipation induced 
by localised stress in the hierarchical NP-MP architecture.269, 270, 273 The maximum strain of the porous 
composite increases with decreasing pore size (Figure 7.8a), which can be attributed to the large number 
of sites that dissipate mechanical energy via pore–stress interaction.274 The maximum strain of the 
porous composite increases with increasing SNP size (Figure 7.8b), which is attributed to the enhanced 
load-bearing ability with increasing SNP size in hierarchical structures.269, 275 
We monitored the changes in the colour of mechanochromic polymers under tensile strain using a 
spectroradiometer (Figure 7.9). Compared to planar PDMS/SP polymers, the porous PDMS/SP/SNP 
composites undergo a distinct colour change from pale yellow to blue at 200% tensile strain, indicating 
the mechanochemical ring-opening reaction of SP into MC (Figure 7.7a). As the pore size decreases, 
the critical strain needed to observe the colour change decreases, while the intensity of the blue colour 
and stretchability increases (Figure 7.10). For pores decorated with SNPs, a further colour change to a 
vivid blue colour is observed (Figure 7.11). Amongst the tested composites, the composite with small 
pores (5 μm) and large SNPs (300 nm) exhibits the greatest colour change in response to a large range 
of strain (~400%; Figure 7.7a). The pore-5/SNP-300 composite displays a reversible and highly stable 
mechanochromic response for up to 100 cycles under a tensile strain of 250% (Figure 7.7b and Figure 
7.12).  
The detailed colour changes of the mechanochromic polymers were further investigated by analysing 
the changes in the average colour coordinates based on the CIE 1931 colour space diagram (Figure 
7.7c). Compared to planar PDMS/SP polymers, porous PDMS/SP polymers exhibit a larger colour 
transition range, and this range is further increased by decoration with SNPs. This behaviour is ascribed 
to the effective stress concentration near the hierarchical NP-MP region in the composite by the support 
of nanoscale hard SNPs at the inner pore surface against the local stress around the microscale pore 
region. In addition, the improved stretchability increases the colour transition range of the porous 
composite. The colour transition range increases gradually with decreasing pore size and increasing 
SNP size (Figure 7.13). For different tensile strains, the porous composites with pore-5/SNP-300 clearly 
exhibit distinct luminescence spectra in the visible wavelength range in which the peaks in 420–480 nm 
(blue) significantly increase, whereas those in 500–600 nm are dissipated (Figure 7.7d), supporting the 
blue colour transition with the tensile strain. The time required for recovery from MC to SP depends on 
the strain. Figure 7.14a shows that the intensity of the green colour decreases with increasing strain and 
becomes saturated under fixed strain. Upon releasing the strain, the saturated colour returns to the 
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original colour after a delay of ~2, 14, and 35 s for the strains of 125%, 150%, and 175%, respectively. 
Thus, the recovery time decreases with increasing tensile strain. The recovery times of our porous 
mechanochromic composites compare favourably with those of previous mechanochromic polymers 
(2–60 min; Table 7.1).255, 265, 276, 277 Exposing the sample to white light can shorten the recovery time 
(Figure 7.14b). The ring-closing reaction from MC back to SP can be accelerated by heating or visible-
light irradiation.278  
 
 
Figure 7.7. Properties of porous mechanochromic composites under tensile strain. (a) Photographs of 
mechanochromic polymers with different structures exhibiting colour changes in response to tensile 
strain. (b) Colour change of the pore-5/SNP-300 mechanochromic composite at the first and 100th 
stretching and releasing cycles. (c) Changes in the average colour coordinates of the mechanochromic 
polymers with different structures under applied tensile strain. (d) Normalised luminance as a function 






Figure 7.8. (a) Strain–stress curves of porous PDMS/SP composites with different pore sizes. (b) S–S 
curves of porous PDMS/SP composites (pore size = 5 μm) with different SNP sizes.  
 
 
Figure 7.9. Schematic of a measurement system using a spectroradiometer for investigating the colour 




Figure 7.10. Photographs showing the colourimetric strain sensing properties of porous 





Figure 7.11. Photographs showing the colourimetric strain sensing of porous PDMS/SP composites 





Figure 7.12. Strain–stress curves of a porous mechanochromic composite (pore size = 5 μm; SNP size 






Figure 7.13. (a) Average colour coordinates of planar mechanochromic composites under loading 
tensile strain. (b) Average colour coordinates of porous mechanochromic composites with different pore 
sizes under loading tensile strain. (c) Average colour coordinates of mechanochromic composites with 







Figure 7.14. Recovery time of a porous mechanochromic composite (pore size = 5 μm, SNP size = 300 
nm) under different tensile strains. (a) Time-dependent tensile strains of 125%, 150% and 175% (top) 
and the corresponding change in relative intensity (IRel) of green colour in response to loading strain 
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To quantitatively analyse the strain sensitivity of mechanochromic composites, we monitored the 
changes in the intensity of red–green–blue (RGB) colour parameters under tensile strain (Figure 7.16). 
For the accurate investigation of colour change, the relative B/G intensity ratios (ΔC/C0, where C is the 
B/G colour intensity ratio) were analysed for mechanochromic polymers with different structures under 
tensile strain (Figure 7.15a). Compared to the nonporous planar structure, the porous structures exhibit 
larger colour intensity ratio, indicating a more vivid colour change in the porous structures. The pore-5 
structure exhibits the maximum colour intensity ratio of 1.5, which is five times higher than that of the 
planar structure (0.3). Decorating the pore-5 composite with SNPs further improves the colour intensity 
ratio to 3.0, which is 10 times higher than that of the planar structure. In addition to the large colour 
change, the porous structure displays an initial variation in the colour intensity ratio at a critical strain 
of 7580%, which is ~2 times lower than that of the planar structure (150%; Figure 7.15b). Decorating 
the pore walls with SNPs further decreases the threshold strain to 5055%. The critical strain of 50% 
for the pore-5/SNP-300 composite is significantly lower than those of previous stretchable 
(stretchability > 200%) mechanochromic polymers based on SP mechanophores (critical strains of 
75500%; Table 7.1).246, 255, 264, 265, 276, 279 Only the hard mechanochromic polymer with the irreversible 
stretchability of 70% exhibits a lower critical strain (10%).277 To quantitatively analyse 
mechanochromic sensitivity, strain sensitivity (S) was calculated as S = (ΔC/C0)/Δε, where ε is the 
applied strain (Figure 7.15c). For strain of 50–80%, all porous composites with SNPs show higher 
sensitivities (0.53–0.58) compared to the porous polymers without SNPs (0.08–0.14) and the planar 
structure (0). In the strain regime of 80%–240%, the pore-5/SNP-300 composite exhibits the highest 
sensitivity of 1.51, which is ~4.1 and ~5.6 times higher than those of porous composites without SNPs 
(0.37–0.8) and the planar composites (0.27), respectively.  
To evaluate the stress concentration near the hierarchical NP-MP architecture, which significantly 
enhances the mechanochromic sensitivity, we further examined the strain–stress relationships by 
numerical finite-element analysis (FEA). Unlike the planar structure in which stress is homogeneously 
distributed throughout the matrix, the porous structure has a high stress concentration in the pore region 
(Figure 7.15d, left). Compared to the planar structure, the porous structures all exhibit higher maximum 
localised stress at strains up to 100% (Figure 7.15e and Figure 7.17). Furthermore, the porous structure 
with the smallest pore size amongst the samples possesses the highest PDMS/air surface area, resulting 
in a greater number of mechanochromic activation sites of concentrated stress near the interface (Figure 
7.17). This produced a considerable enhancement in colour change and strain sensitivity, as shown in 
Figure 7.15a–c. For the porous composites decorated with SNPs, additional stress concentration occurs 
in the pore region near the SNPs because of the load-bearing support provided by the hard SNPs at the 
inner surfaces of the soft pores (Figure 7.15d, right). Furthermore, the maximum localised stress near 
the SNPs gradually increases with SNP size (Figure 7.15f and Figure 7.18), thereby enhancing 
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mechanochromic sensitivity (Figure 7.15a–c). Based on the FEA results, we can conclude that both the 
amount of activation sites and the maximum stress localised around the pores and SNPs determine the 








Figure 7.15. Structure-dependent strain sensitivity of porous mechanochromic composites. (a) 
Normalised colour intensity ratio as a function of strain for mechanochromic polymers with different 
pore sizes (left) and with different SNP sizes at a pore size of 5 m (right). The colour intensity in 
response to strain is measured by spectroradiometer. (b) Enlarged plot from (a) in the strain range 20%–
100%. (c) Strain sensitivity [S = (ΔC/C0)/(Δε), where C is the colour intensity ratio and ε is the applied 
strain] of mechanochromic polymers with different structures. Sensitivity is estimated from the plot in 
(a) for the linear regimes of mechanochromic response. (d) Finite-element analysis (FEA)-determined 
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stress distributions of mechanochromic polymers with different pore sizes (left) and with 300-nm SNPs 
and a 5-μm pore size (right) under a tensile strain of 50%. (e, f) FEA-determined maximum localised 
stress near the pore surface in porous mechanochromic polymers with (e) different pore sizes and (f) 











Figure 7.16. Variation in colour component intensities (R, G and B) of porous mechanochromic 
composites under loading strain at different wavelengths: (a, b) 488 nm, (c, d) 544 nm and (e, f) 612 
nm. The intensity of each colour component initially increases because of the decrease in light 
absorption caused by the concurrent decrease in film thickness. The intensity subsequently decreases 





Figure 7.17. Stress distributions of porous PDMS/SP composites with different pore sizes (25, 10 and 
5 μm) placed under 50% tensile strain calculated numerically using ABAQUS software. For simplicity, 
the elastic modulus is set to 1 MPa with the same porosity (26%) for all porous composites (see Figure 




Figure 7.18.  Stress distribution of porous PDMS/SP composites (pore size = 5 μm) decorated with 
SNPs with different sizes (300, 100 and 20 nm) placed under 50% tensile strain calculated numerically 
using ABAQUS software. For simplicity, to understand the role of the SNPs at the pore walls, the elastic 
modulus of the porous matrix is set to 0.24 MPa (consistent with the experimental data shown in Figure 
















Structure-dependent mechanochromic property in response to normal force. The hierarchical 
NP-MP architecture of the mechanochromic composites also enhances the mechanochromic sensitivity 
in response to normal force in addition to tensile strain. This property allows the composites to be 
applied in touch-sensitive mechanochromic e-skins.281 We evaluated the changes in the RGB colour 
parameters of the composites in response to normal forces applied using a force gauge (Figure 7.20a). 
Under a normal force of 6 N, the porous PDMS/SP/SNP composites exhibit more vivid 
mechanochromic colour than the planar and porous structures (Figure 7.20b). Compared to the planar 
and porous structures, the changes in the relative red intensities were larger for the hierarchical NP-MP 
structures, indicating a more vivid colour change (Figure 7.19a). The relative red intensity decreased 
from 0.42 to 0.24 in conjunction with decreasing pore size (Figure 7.21a). This phenomenon is 
attributed to the increase in the area of stress concentration with decreasing pore size (Figure 7.21b). 
Meanwhile, decorating the porous structures with SNPs further increases the dynamic colour transition 
range to 85% (relative red intensity of 0.15 in Figure 7.19a) over a wide range of force (1–12 N). 
Amongst the composites with different SNP sizes, the composite with the largest SNPs (300 nm) 
exhibits the largest colour variation (85%) without saturation (Figure 7.22a).  
Figure 7.19b shows the relative changes in the intensity of the green colour under different normal 
forces in increments of 0.1 N. With decreasing pore size, the critical stress required for the initial colour 
transition is reduced from 2.5 N (pore-25) to 1.8 N (pore-5). Decorating the pores with 300-nm SNPs 
further improves the pressure sensitivity, thus enabling detection at a minimum force of 1 N, six times 
lower than the minimum detection force of planar polymers (6 N). The improvement in 
mechanochromic sensitivity achieved by the addition of SNPs is attributed to the drastic increase in 
localised stress near the hard SNPs. The FEA calculations indicate that amongst the tested SNPs, the 
300-nm SNPs exhibit the strongest localised stress in response to normal force (Figure 7.22b). The low 
detection limit (1 N or 1 MPa) represents a significant enhancement (~50 times increase) over 
previously reported mechanochromic polymers (50 and 375 MPa; Table 7.1).246, 280 The porous 
mechanochromic composites reported herein also provide a high lateral resolution for force sensing, 
enabling the mapping of local pressure distribution without the need for complex sensor array patterns.  
Figure 7.19c shows the optical mechanochromic pressure maps after contact with various microscale 
objects. The pressure-induced local colour distribution patterns match the shape and wall thickness of 
the round microtips. The mechanochromic e-skins exhibit a minimum line width of 80 μm for contact 






Figure 7.19. Normal force detection capabilities of porous mechanochromic composites. (a) Relative 
intensities of the colour components (red, green and blue) of mechanochromic polymers with different 
structures as functions of normal force. The colour intensity in response to normal force is measured by 
I-phone camera and colour picker program. (b) Relative green intensity as a function of normal force 
for mechanochromic polymers with different pore sizes and different SNP sizes with 5-m pores. (c) 
Optical images showing the local colour distributions of the porous mechanochromic composites after 





Figure 7.20. (a) Measurement system used to evaluate the colour transition properties of porous 
mechanochromic composites in response to normal stress. (b) Photographs of the mechanochromic 





Figure 7.21. (a) Relative colour changes of porous PDMS/SP composites with different pore sizes in 
response to applied normal pressure. (b) Finite-element analysis-determined stress distributions in 
porous PDMS/SP composites with different pore sizes under applied normal pressure. The simulation 




Figure 7.22. (A) Relative colour intensities of porous PDMS/SP composites (pore size = 5 μm) 
decorated with SNPs of different sizes (20, 100, 300 nm) as functions of pressure. (B) Finite-element 
analysis-determined stress distributions at the surfaces of pores in porous PDMS/SP composites with 








Application of composites in mechanochromic e-skins. As a proof of concept, we have 
demonstrated the application of porous mechanochromic composites with hierarchical NP-MP 
architecture in mechanochromic e-skins. Figure 7.23a shows the colour changes of the mechanochromic 
e-skins attached to human fingers undergoing different hand motions, including folding/unfolding, rock, 
scissors and grasping objects. The colour changes enable the real-time detection of the spatial 
distribution of forces without any complicated monitoring instrument. Thus, the e-skins provide an 
intuitive perception of local forces according to various hand gestures. While the colour transition of 
the mechanochromic e-skin is typically limited to static force sensing applications,281 the present 
mechanochromic e-skins can be combined with flexible and transparent silver nanowire electrodes for 
use as triboelectric force sensors. These sensors can be applied in the spatiotemporal detection of both 
static and high-frequency dynamic forces (Figure 7.23b, left). In this triboelectric force sensor, 
triboelectrification and electrostatic induction between the porous PDMS (negatively charged) and 
plastic pen (positively charged) results in spontaneously generated triboelectric current in response to 
high-frequency dynamic forces (Figure 7.24, Section S7.2).37, 282, 283 This generated current can be 
utilised in self-powered dynamic force sensors. In particular, porous structures with large surface areas 
and high compressibility provide enhanced triboelectric force sensitivity.267 Figure 7.23b (right) shows 
a dual-mode mechanochromic e-skin that can simultaneously detect the location and intensity of the 
writing force based on the mechanochromic colour and the writing speed based on the triboelectric 
output signals in real time. The triboelectric current and voltage of the mechanochromic e-skin depends 
on the intensity of the applied normal pressure (Figure 7.25a–b) and the power density also increased 
up to a maximum of 4.2 μW/cm2 (Figure 7.25c). Furthermore, the triboelectric output current of the 
mechanochromic e-skin gradually increases as the frequency of the dynamic impact force increases 
(Figure 7.25d). This phenomenon can be attributed to the increase in dynamic modulus resulting from 
the elasticity of the porous mechanochromic composites.43, 267 To evaluate the ability of our 
mechanochromic e-skins to detect sound, we monitored the output voltage induced by the acoustic 
pressure of a speaker (Figure 7.26). When the e-skin is exposed to the sound waves of the words 
‘electronic’ and ‘skin’, the generated triboelectric output voltage closely matches the waveform of the 
sound source (Figure 7.23c, left). The time-dependent frequency obtained by short-time Fourier 
transformation corresponds to the location and intensity of the recorded frequency, in accordance with 
the spectrogram of the sound source (Figure 7.23c, right). 
 
S7.2 Working mechanism of triboelectric electricity of dual-mode force sensor 
The triboelectric property of dual mode force sensor can be generated by triboelectrification and 
electrostatic induction between the porous mechanochromic composite and sliding objects (plastic pen).  
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This triboelectric sensor is operated by single electrode mode, whose working mechanism is 
schematically depicted in Figure 7.24. When the sensor is initially pressed, friction at the interface 
between porous PDMS/SP composite and plastic pen is generated, leading to formation of negative 
charge on one side and positive charge on the other side across the interface by contact electrification. 
As the pressure is released, the subsequent electrostatic induction promotes current flow from silver 
nanowire electrodes to ground through external circuit, until the accumulated charge on the electrode is 
neutralized. Similarly, the current flow is reversed again due to lose of electrostatic equilibrium while 
the two charged materials is to be closer. From this cyclic contact and separation between two different-
charged materials, consequently this triboelectric sensor generates repetitively output current flow back 






Figure 7.23. Applications of porous mechanochromic composites in wearable e-skins and dual-mode 
static/dynamic touch and audio sensors. (a) Images of wearable mechanochromic e-skins for the 
detection of various hand gestures (folding/unfolding, rock, scissor and grasp). (b)  Schematic of a 
dual-mode mechanochromic and triboelectric force sensor that enables the spatiotemporal detection of 
both writing force and speed. (c) Waveforms of the sound sources of the words ‘electronic’ and ‘skin’: 
waveforms of the detected read-out signals (left) and short-time Fourier transform of the sound source 
along with the read-out signals from the dynamic force sensor (right). These applications are based on 





Figure 7.24. Schematic of the working mechanism of the single-electrode triboelectric sensor, which 
comprises a porous mechanochromic composite and silver nanowire-based electrode. Object is the 







Figure 7.25. (a) Output triboelectric current of a mechanochromic composite in response to normal 
pressure. The sensitivity is 0.18 μA kPa−1 below 0.4 kPa and 0.002 μA kPa−1 in the range 1–108 kPa. 
(b) Triboelectric output voltage and (c) power density of porous PDMS/SP composites with 5-μm pores 
and 300-nm SNPs as functions of applied pressure. (d) Output current of the porous mechanochromic 

























This study demonstrates that a hierarchical NP-MP architecture in porous mechanochromic 
composites can enhance both mechanochromic strain/stress sensitivity and stretchability. The 
experimentally determined structure–activity relationships and computational modelling results suggest 
the following general design principle: reducing pore size while increasing SNP size should enhance 
the mechanochromic sensitivity. Most material modifications that enhance the onset of 
mechanochromism also reduce extensibility, because mechanochromism is triggered by polymer chains 
approaching their maximum extension. However, the hierarchical NP-MP architecture of the porous 
composite structure in this study simultaneously reduces the onset of mechanochromism and enhances 
the extensibility. As a proof of concept, we fabricated an e-skin based on the composite material and 
used it as a wearable motion sensor and dual-mode touch audio sensor. The e-skin enabled the detection 
of static/dynamic force without any external power source. Our hierarchical NP-MP framework is 
expected to allow the development of multifunctional and multiresponsive mechanochemical materials 



















Chapter 8. Summary and Future Perspective 
 
In this thesis, we suggested the high-performance electronic skins with various micro-/nanostructured 
composite materials and their promising applications including wearable sensors, healthcare monitoring 
devices, acoustic sensor, and texture perceptions. Firstly, structural modification of device structures 
into unique micro/nanostructures such as interlocking, porous, and stacking enable to possess great 
functionalities with high mechanical sensitivity, multidirectional force sensing capability, linear and 
wide pressure detection, resulting from geometric advantages with large contact area, stress 
concentration, and anisotropic deformation. Secondly, the demonstration of multifunctional composite 
materials having having piezoresistance, ferroelectricity, and mechanochromism provide the great 
abilities to detect and discriminate the multiple stimuli (e.g. static/dynamic touches, temperature) and 
to visualize the mechanical stimuli. Based on the advantages of structural geometry and material 
characteristic, we can successfully demonstrate the highly sensitive and multifunctional electronic skins 
and apply our e-skins to future applications.    
In chapter 2, we demonstrated an electronic skin consisting of CNT/PDMS composite film that 
contains interlocked microdome arrays and displays the high pressure sensitivity by the giant tunneling 
piezoresistance. This design substantially increases the change in contact area upon loading due to stress 
concentration and enables an extreme resistance-switching behavior (ROFF/RON of ∼105). This 
translates into high sensitivity to pressure (−15.1 kPa–1, ∼0.2 Pa minimum detection) and rapid 
response/relaxation times (∼0.04 s), with a minimal dependence on temperature variation. Finally, we 
showed that our sensors can sensitively monitor human breathing flows and voice vibrations, 
highlighting their potential use in wearable human-health monitoring systems. 
In chapter 3, as further demonstration of e-skin in the chapter 2, we introduced stress-direction-
sensitive and stretchable electronic skins with three-axial stress-sensing capabilities. Inspired by the 
interlocked epidermal-dermal layers in human skin, we employed piezoresistive, interlocked 
microdome arrays. Similar to the stress concentrating function of interlocked epidermal-dermal ridges 
which magnify the tactile stimuli, the arrays possess highly sensitive detection capability of various 
mechanical stimuli including normal, shear, stretching, bending, and twisting. Furthermore, the unique 
geometry of interlocked microdome arrays enables the differentiation of various mechanical stimuli 
because the arrays exhibit different levels of deformation depending on the direction of applied forces, 
thus providing different sensor output patterns. In addition, we showed that the electronic skins attached 
on human skin in the arm and wrist areas are able to distinguish various mechanical stimuli applied in 




In chapter 4, we presented the piezoresistive e-skins with tunable force sensitivity and selectivity to 
multidirectional forces through the engineered microstructure geometries (i.e., dome, pyramid, and 
pillar). Depending on the microstructure geometry, distinct variations in contact area and localized stress 
distribution are observed under different mechanical forces (i.e., normal, shear, stretching, and bending), 
which critically affect the force sensitivity, selectivity, response/relaxation time, and mechanical 
stability of e-skins. Microdome structures present the best force sensitivities for normal, tensile, and 
bending stresses. In particular, microdome structures exhibit extremely high pressure sensitivities over 
broad pressure ranges (47,062 kPa−1 in the range of <1 kPa, 90,657 kPa−1 in the range of 1–10 kPa, and 
30,214 kPa−1 in the range of 10–26 kPa). On the other hand, for shear stress, micropillar structures 
exhibit the highest sensitivity. As proof-of-concept applications in healthcare monitoring devices, we 
showed that our e-skins can precisely monitor acoustic waves, breathing, and human artery/carotid 
pulse pressures. Unveiling the relationship between the microstructure geometry of e-skins and their 
sensing capability would provide a significant background for our high-performance e-skins with 
interlocked microdomes.  
In chapter 5, we demonstrated the functionality of human-skin-inspired multimodal e-skins that 
enable spatio-temporal recognition of static/dynamic tactile stimuli (pressure, temperature, vibration). 
The design of our e-skin involves the fabrication of microstructures of ferroelectric rGO/PVDF 
composite films with interlocked microdome arrays and fingerprint-like microridges on the surface of 
the films, which enhance the piezoelectric, pyroelectric, and piezoresistive sensing capabilities of the 
ferroelectric composite films for static and dynamic tactile and thermal signals. Compared to planar 
ferroelectric films, we have shown that the geometry of the interlocked microdome arrays significantly 
enhances the tactile sensitivities, enabling the detection of minute variations in temperature, pressure, 
and acoustic vibration. Furthermore, the employment of fingerprint-like microridges on top of the 
interlocked e-skins has been shown to significantly enhance the vibrotactile signals when the e-skins 
are scanned over a textured surface, enabling the perception of surface textures with various roughness 
and pattern shapes. For proof-of-concept demonstrations, we showed the temperature-dependent 
pressure monitoring of artery vessels, high-precision acoustic sound detection, and surface texture 
recognition of various surfaces. All of these capabilities provide a solid platform for the application of 
the e-skins fabricated in this study in humanoid robotics, flexible sensors, and wearable medical 
diagnostic systems.  
In chapter 6, we demonstrated a flexible ferroelectric sensor with ultrahigh pressure sensitivity and 
linear response over an exceptionally broad pressure range based on the material and structural design 
of ferroelectric composites with a multilayer interlocked microdome geometry. Due to the stress 
concentration between interlocked microdome arrays and increased contact area in the multilayer design, 
the flexible ferroelectric sensors could perceive static/dynamic pressure with high sensitivity (47.7 kPa–
231 
 
1, 1.3 Pa minimum detection). In addition, efficient stress distribution between stacked multilayers 
enables linear sensing over exceptionally broad pressure range (0.0013–353 kPa) with fast response 
time (20 ms) and high reliability over 5000 repetitive cycles even at an extremely high pressure of 272 
kPa. Our sensor can be used to monitor diverse stimuli from a low to a high pressure range including 
weak gas flow, acoustic sound, wrist pulse pressure, respiration, and foot pressure with a single device.  
In chapter 7, we reported mechanochromic electronic skins which can visualize the mechanical stimuli 
enabling user-interactive and intuitive recognition. The mechanochromic e-skin possess a hierarchical 
nanoparticle-in-micropore (NP-MP) architecture in porous mechanochromic polymers, which can 
enhance the mechanosensitivity and stretchability of mechanochromic electronic skins. The hierarchical 
NP-MP structure results in stress concentration-induced mechanochemical activation of mechanophores, 
significantly improving the mechanochromic sensitivity to both tensile strain and normal force (critical 
tensile strain: 50% and normal force: 1 N). Furthermore, the porous mechanochromic composites 
exhibit a reversible mechanochromism under a strain of 250%. This architecture enables a dual-mode 
mechanochromic e-skin for detecting static/dynamic forces via mechanochromism and triboelectricity. 
Our hierarchical NP-MP framework is expected to allow the development of multifunctional and 
multiresponsive mechanochemical materials for user-interactive devices, smart robotics,and wearable 
healthcare/diagnosis applications in future.  
In summary, this thesis presented that various electronic skins with great advantages with giant 
piezoresistance sensitivity, multidirectional force sensing capabilities, multiple stimuli detection, linear 
and wide pressure detection, and visualization of mechanical stimuli, resulting from the introduction of 
uniquely designed micro/nanostructures and functional materials. Moreover, these electronic skins 
showed a great superiority in terms of additional sensor performances such as response time, durability, 
and power generations, due to structural advantages of bio-inspired or 2D/3D micro/nanostructures. For 
the proof-of-concept, we successfully applied our e-skins to various applications including wearable 
sensors, healthcare monitoring devices, and acoustic and texture sensors. Our electronic skins will 
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